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Abstract
The environmental fate of domestic and industrial wastes is often associated with
fine-grained sediments because of their highly adsorptive capacity. Therefore,
understanding of cohesive sediment dynamics is essential in predicting the destiny of
various contaminants. A two-dimensional depth-averaged sediment transport model
has been modified to simulate numerically the sediment dynamic processes of advection,
diffusion, erosion, and deposition. While effects such as flocculation and consolidation
on the sediment dynamics are not simulated, they are implicitly reflected in the choice
of a wide range of input parameters. Neglecting the possible contribution of sediment
transport resulting from wave actions and fluid mud movement, this model was tested
in a series of sensitivity studies in Boston Harbor using tidal and riverine inflow as
forcings. No rigorous calibration or verification has been made due to the scarcity of
suitable data. However, qualitative comparison between simulation results and field
data did show an illuminating agreement and points to further research needs in pursuit
of quantitative understanding of cohesive sediment and contaminant dynamics.
Overall, reasonable results regarding the final deposition of introduced sediments in
Boston Harbor have been obtained and elucidated.
Thesis supervisors: Keith D. Stolzenbach
Title: Associate Professor
E. Eric Adams
Title: Principal Research Engineer and Lecturer
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Chapter 1 INTRODUCTION
1.1 Motivation
Boston Harbor, a tidally dominated and glacially carved estuary situated on the
western edge of Massachusetts Bay, is often described as one of the most grossly
contaminated harbors in the United States. From a geological point of view, it is
also a critical transition between the surrounding land and Massachusetts Bay, with
typical features of many harbors along the northeastern coastline characterized by
low riverine input and tremendous human impact (Fitzgerald, 1980). For more
than one hundred years, as historical documents indicate clearly, Boston Harbor has
long been utilized legally or illegally as a dumping ground for all kinds of municipal
and industrial wastes. (See Figure 1.1 for major sources of pollution to Boston
Harbor.)
Within the harbor itself, two existing outmoded primary sewage treatment
plants, one located at Deer Island, and the other at Nut Island, contribute hundreds
of millions of gallons of partially treated sewage and several dozen tons of sludge
each day by outfall discharge into the harbor. In addition, along the coastline and
through the tributaries into the harbor are overflows induced by periodic storm
events, which introduce influents exceeding the capacity of treatment plants, or
episodic leakage caused by operation and maintenance problems. Such events,
termed combined sewer overflows (CSO), are estimated to occur typically fifty
times per year and discharge approximately ten billion gallons of untreated sewage
and stormwater runoff into the harbor each year. (See Figure 1.2 for detailed
location of CSOs.) The most direct and immediate impacts brought about by a
CSO event are beach shutdowns and shellfishing restriction because of the presence
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Figure 1.1 Major sources of pollution to Boston Harbor
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Figure 1.2 Location of active CSO's (CH2M HILL, 1988)
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of high bacteria levels. As a result, the ecosystem of Boston Harbor has been
decaying and the associated economic losses are significant.
Further complicating pollution problems in Boston Harbor are industrial wastes
containing toxic chemicals and heavy metals. It has been found in field surveys
that, due to the interaction between various complex estuarine processes, Boston
Harbor forms an efficient trap for dumped wastes, and for modern fluvial and
marine sediments (Fitzgerald, 1980), which means the accumulation rate of
sedimentation in Boston Harbor is higher than usual. One strong indication of
industrial impact is the finding of significant concentrations of a wide range of toxic
chemicals and wastes in samples taken from bottom sediments of Boston Harbor.
Studies have shown that not only are the metal concentrations in Boston Harbor
waters substantially higher than those of ambient New England coastal water
(Wallace et al., 1986) but also the surficial sediments of Boston Harbor are severely
impacted by polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), and, not surprisingly, by heavy metals as well (White, 1972; Fitzgerald,
1980; Shiaris, 1987).
The pollution problems of Boston Harbor have long been recognized by federal,
state, and local governments. The existing sewage treatment plants were actually
built with the purpose to solve the long-outstanding problems of water quality
deterioration along the shoreline of Boston Harbor. Nonetheless, for obvious
reasons, they no longer function as well as the modern pollution control standards
mandate. In the past two decades, many opinions have been presented by
concerned people as to how to clean up the harbor and which remediation measures
should go to the top of the agenda. State agencies in charge of the sewer system and
wastewater treatment plants have often found themselves entangled in the legal
actions brought forward by citizens and the Environmental Protection Agency. The
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harbor cleanup project even became a national debate subject in the 1988 U.S.
presidential campaign, not to mention the heated discussion it generated among the
local community, research academia, and federal and local agencies.
Under requirements of the Clean Water Act and court orders, and through the
establishment of the Massachusetts Water Resources Authority (MWRA), charged
with the responsibility to conduct the cleanup project, clean-up measures have been
prioritized with the ultimate aim to restore Boston Harbor to its pure nature.
Major items on the list include the consolidation of existing treatment plants into a
new secondary wastewater treatment plant sited at Deer Island and facilities for
controlling up to 90 active combined sewers to curb the impact of episodic CSO
events. Each of these huge projects, without any doubt, promises to be a time-
consuming process and carries a high price tag to be paid by rate payers for several
billion dollars. Considering the huge amount of money involved and the uncertainty
of achieving the goal to clean up Boston Harbor satisfactorily, it is not surprising to
see intense political maneuvering and heated scientific discussion along the way,
especially concerning the planning and construction of the secondary wastewater
treatment plant, which is mandated by court orders but is opposed by some
researchers (Harleman, 1989) who favor a less expensive yet still efficient new
treatment process called advanced primary and call people's attention to the
necessity to first tackle the CSO-related problems.
By following through the intense, sometimes even painful, action and reaction
regarding the Boston Harbor clean-up project, we can certainly notice that, in spite
of the fact that a number of relevant issues have been brought up for deliberation
during the fervent debate over the suitability and adequacy of secondary treatment
plant, one question is seldom raised by either the scientific community or concerned
citizens. This issue i; about the seriousness of the potential for contaminated
- 11-
bottom sediments, which as mentioned already cover large portion of the seafloor of
Boston Harbor and continue to be poured into the harbor in a sizable quantity, to
cripple and hinder the cleaning efforts by interacting with flowing water and thus
releasing contaminants ba-ck into water column.
However, at this stage it is still hard to assess and predict with confidence the
effect of bottom contaminated sediment on the future water quality of Boston
Harbor. Even within the scientific community and research institutions, there is
still no consensus as to how contaminated sediments are going to react with
overlying water. The reason that it is hard to assess the environmental impact of
the deposited sediments is the complexity of the problem. So far there are simply
too many unknowns associated with the physical, chemical, and biological behavior
of fine-grained sediments in a dynamic estuarine environment as variable as Boston
Harbor.
The presence of highly contaminated sediments and the fact that the Clean
Water Act requires no mandatory action to remediate this situation brings out the
possibility that, after construction of the secondary wastewater treatment plant and
the implementation of CSO control facilities, when people think they finally can
have a pleasant aquatic environment to live around, the bottom sediments of Boston
Harbor, which were unfavorably described by a scientist as "black mayonnaise,"
would still pose a serious threat to water quality and human health. Hence, it is
necessary for people to be aware that the contaminated sediments can not be
overlooked and deserve more research work to provide understanding of their
dynamics. The aim is to develop criteria for treating these poisonous particles
together with other water quality problems as a whole.
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It is interesting to note that, despite the recognized significant implications of
sediments' role in water quality problems, research on the dynamical behavior of
cohesive sediment transport was not initiated until the fifties and sixties.
Constrained primarily by insufficient measurement techniques and theoretical and
analytical approaches, early investigative efforts were mainly experimental and
phenomenological. Over the past two decades, mainly inspired by the need to
understand the scouring and shoaling processes in canals and harbors, and, in
particular, the pollutant-scavenging role played by cohesive sediments, study of
cohesive sediments in estuarine and coastal environments has attracted the
attention of academic institutions, research laboratories, and engineering companies
throughout the world. To put all these efforts into perspective with an emphasis on
Boston Harbor, we are safe to say that much has been learned and still much more
is worth to be explored and investigated.
1.2 Goals and Objective
Motivated by the need to address specific sediment issues in Boston Harbor as
well as to understand the physical, chemical, and biological fate of fine-grained
estuarine sediments in general, this study employs a mathematical model to provide
a first-order prediction of the fate of the contaminated sediments in Boston Harbor
and Massachusetts Bay. The work is part of a project entitled Transport of
Contaminated Sediments in Boston Harbor. In addition to mathematical modeling,
this project includes 1) natural and fluorescent tracer studies, conducted at near-
shore sites designed to provide information on settling rates and the spatial
distribution of initial deposition; 2) laboratory tests of bed strength using a novel
technique called a fall cone, and 3) analysis of ultimate deposition derived from
radionuclide measurements from core samples.
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The specific objectives of the present work can be addressed as follows:
1) To modify the existing transport model, ELA (Eulerian Lagrangian
Analysis), by incorporating new features relating to sediment transport dynamics,
including erosion and deposition processes, and to use the modified and expanded
transport model as a predictive tool to simulate the physical processes of movement
of cohesive sediments.
2) To determine, by analyzing and interpreting the results of model simulation,
whether contaminated sediments ultimately are found mostly in areas of initial
deposition near major sources or in areas of long-term sediment accumulation
regardless of proximity to sources.
3) To simulate the deposition pattern of contaminated sediments within Boston
Harbor and Massachusetts Bay and calculate the accumulation rate for estimating
the exchange mass flux between water column and bottom beds. Also, if possible,
compare and coordinate the model simulations with the results from the laboratory
tests and tracer studies.
4) To infer the location and mechanism of ultimate deposition from the coupling
of numerical simulations and the elucidation of historical data showing the harbor-
wide distribution of contaminants which are supposedly attached to the fine-grained
sediments we are dealing with.
5) To estimate the exchange rate of contaminated sediments between the inner
and outer harbor and the potential for exchange between Boston Harbor and
Massachusetts Bay, thus to provide the necessary information for MWRA to
quantify the environmental benefits of its cleanup actions.
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1.3 Overview
In chapter 2, we present a conceptual framework for sediment dynamics in an
estuarine environment such as Boston Harbor and describe the state-of-the-art
knowledge regarding the relevant physical processes involved in controlling the
dynamics of sediment transport. The emphasis is placed on the potential
significance and implications of each process in the setting of Boston Harbor.
Chapter 3 presents the details and results of the efforts of modeling fine-particle
sediment transport in this study. First, the methodology for simulating cohesive
sediment transport is presented, along with a brief discussion of the merits and
disadvantages of scale models and mathematical models. Second, concise reviews of
the previously developed circulation model TEA and transport model ELA are
given. These models constitute the basis upon which our erosion-deposition model is
to be incorporated. Finally, a bottom bed model taking into account the effects of
sediment settling, deposition, and erosion is discussed as thoroughly as possible and
formulated mathematically as a new feature added to the existing transport model.
Following the development of a suitable transport model for simulating sediment
movement in aqueous environment, the model input and the sensitivity analysis
based on a wide range of variation of governing parameters are presented in chapter
4. Important information regarding the eventual fate of sediment is extracted and
interpreted by comparing the simulation results to historical contamination data
collected from previous research efforts on Boston Harbor.
Chapter 5 summarizes the conclusions and results of this work and identifies
further areas of research need, both theoretical and experimental.
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Chapter 2 DYNAMIC PROCESSES OF SEDIMENT TRANSPORT IN ESTUARIES
Interest in the studies of transport of fine-grained sediments originally comes
from the siltation and shoaling problems in navigation waterways and harbors.
Recently, however, scientists and engineers are increasingly more concerned with
the ecological impact accompanying the presence of fine-grained sediments and its
effect on dispersion and mixing of contaminants. Due to their high adsorptive
capacity and swift mobility, these particles are believed to play a key role in
carrying hazardous substances such as trace metals, toxic chemicals, and radioactive
nuclides. In order to model the cohesive sediments transport in Boston Harbor, it is
necessary to understand, both physically and quantitatively, the important dynamic
processes responsible for transporting these particles. This chapter presents the
essential background information regarding the characteristics of cohesive sediments
and a concise discussion of various transport processes and the possible chemical and
biological factors that have a bearing on the dynamic behavior of fine-grained
sediments.
2.1 Conceptual Model of Dfnamics of Cohesive Sediment Transport
In spite of the fact that extensive field work has been carried out in situ, and
process-oriented experiments have been conducted in the laboratory, only a handful
of theoretical explanations have been provided to describe the mechanisms that
dominate and control the way fine-grained sediments act in the aqueous
environment. Nonetheless, a review of the current literature and research papers on
this subject matter indicates that, as a direct consequence of the complicated
interaction between the cohesive sediments and the surrounding fluid environment
we are still far from being able to predict and quantify accurately the environmental
impact of cohesive sediments.
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But, to a first-order approximation based on the scientific knowledge acquired so
far, a qualitatively clear and generally comprehensive picture which describes and
identifies the important and influential factors and processes modifying and
adjusting the pathway fine-grained sediments follow in estuarine environment can
be drawn with certain confidence to give satisfactory characterization of the
dynamics of cohesive sediments. Based on this understanding, certain success has
been achieved in mathematical modeling of sediment transport (O'Connor and
Nicholson, 1988). The following sections will be devoted to a description of such
picture on a process-oriented basis, and this picture, once drawn and comprehended
clearly, will also dictate the major components that a physically sound numerical
model should embrace and simulate.
Once fine-grained sediments, in various forms, are introduced into an estuarine
system such as Boston Harbor, through a number of sources, e.g., riverine input,
industrial and municipal discharge, the particles will undergo repeated cycles of
deposition and resuspension prior to permanent accumulation or transport into the
open ocean. Since the involved processes are too complicated to make possible a
simple analysis of sediment movement, this section will try to identify all the
relevant components of movement pertaining to contaminated sediment dynamics in
an estuarine environment.
Among a series of transport mechanisms that move particles around within the
bodies of water, the first to be readily identified and perhaps the most important
one is the advective movement with basically horizontal orientation. Included in the
predominant driving forces contributing to the advective movement of flow field are
tidal waves with various constituents, such as M2, M4, etc., random and irregular
fields of wind-driven waves, density-induced currents and not-so-obvious internal
waves, and, on very rare occasions, powerful and devastating hurricane-generated
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surges. This process, namely advective movement, is believed to be mainly
responsible for where sediments will travel at the initial stage of sediment transport.
Occurring simultaneously with the two-dimensional movement of particles are
the phenomena of settling and deposition of fine-grained sediments, often in a form
of flocs or aggregates, as a direct and immediate consequence of the cumulative
gravitational effects of flocculation and aggregation of cohesive sediments and
vertical turbulence momentum flux typically found in almost all flow regimes. The
total effect of advective movement and deposition will determine where most of the
sediments will settle, either temporarily or permanently, depending upon the
magnitude of scouring force in that region.
Additionally, hydrodynamic forcing, which has the ability to create an applied
shear stress within the near-bottom benthic boundary layer, when sufficiently large,
may cause sediments to be eroded from surficial layer of bottom bed, and, when
sufficiently small, can deposit suspended sediments onto the bottom bed, and hence
change and modify in significant amounts the concentration and composition of
suspended and deposited sediment. This interfacial process, in conjunction with the
advective movement, gravitational settling process and all relevant biochemical
factors examined in later section, will controi the delineation of depositional and
erosion areas in the domain of interest.
One other intriguing and sometimes confusing aspect of sediment dynamics
centers around the definition of the bottom bed, which in sediment dynamics may
be obscured by the existence of fluid mud, or high-concentration suspension near the
bottom. As far as we know, at the place where sediments are deposited and
accumulated persistently, the process of consolidation ensues and a firm bed will
eventually form when the sediment particles begin to-interact and a soil-support
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framework starts to transmit the effective stress by virtue of inter-particle bonds.
This dewatering process, combined with the collapse of the structure of the newly
deposited aggregates, tends to increase the bed density and its shear strength
progressively and vertically downward, thus causing the bed properties to become
depth and time dependent.
In light of the above discussion, it is concluded that contaminated fine sediment
transport in an estuarine system is such a complex phenomenon that its response to
dynamic mechanisms depends wholly on a huge number of cont:ibuting factors,
which sometimes are hard, if not impossible, to quantify. Hence, before we proceed
the development of a predictive tool such as numerical model, it is necessary that
we gain sufficient insight into the various processes in order that we have confidence
in quantitatively simulating each process in the mathematical model.
Several processes which might have significant implications in the context of
sediment transport in Boston Harbor and could be distinguished readily will be
discussed in qualitative and, to the extent possible, quantitative terms in the
following sections. These include the processes of flocculation, settling and
deposition, erosion and resuspension, and consolidation. The possible influence of
the presence of fluid mud and biochemical factors will also be assessed.
2.2 Properties and Characteristics of Fine-Grained Sediment
2.2.1 Composition of Fine-Grained Sediment
Natural cohesive sediments usually do not have simple composition and texture;
they are complex mixtures comprising clay, silt, non-clay minerals, organic
chemicals, and other biological components in an aqueous environment with varying
pH and ionic strength.
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Cohesive sediments may exist in nature at a wide range of solid concentrations,
each exhibiting distinctive differences in theological behavior. For natural
sediments with concentrations smaller than 300 g/cubic meter, a particle suspension
acts as a Newtonian fluid and does not interact or interfere with the flow structure;
for sediments with high concentration greater than 5-10 kg/cubic meter, the
peculiar phenomenon of hindered settling starts, and the sediments' dynamic
behavior usually falls into the category of a pseudoplastic material. Scientists name
these sediments fluid mud which often has obviously distinctive behavior which we
shall discuss further in a later section. Once the sediments are deposited
permanently, sediments will undergo a dewatering process, and eventually develop a
self-support skeleton and become a firm bed.
Although the biggest size of a single particle in cohesive sediments could be as
large as 40 s/m, the cohesive properties of sediments depend primarily on the
presence of very fine particles, with typical diameters less than 2 Im. These
particles include kaolinite, illite, chlorite, and montonillnite. It is found that these
particle flocs have a layered structure, and form flaky, platelike crystals which carry
negative charges around their edges. When in a solution consisting of only low
concentration of cations, these particles repel each other, while in an environment
containing high concentration of cations, like a saline estuary, the charges
surrounding the particles would be neutralized and the particles could easily be held
together by electronic bonding forces.
2.2.2 Cohesive Property of Fine-Grained Sediments
Physically, the most important characteristic of fine-grained sediments is their
cohesive property, which mainly dictates the way the sediments interact with the
overlying water in the estuarine and coastal environment. The cohesive
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characteristic has significant implication in the understanding of sediment dynamics
and the associated efforts of modeling work. Once fine-grained sediments are
introduced into an aqueous setting, it is observed that two distinct types of cohesion
occur in the presence of organic material or of marine organisms (Owen, 1975):
1) Crystals of clay minerals would be attracted by particles of organic material
with positive charges, forming clay/organic-clay particles. In this mode van der
Waals forces and electrostatic forces are large relative to the submerged weight of
particles.
2) Marine organisms, like bacteria, algae, or other members of the benthic
community, secrete mucus to bind particles together. In this mode the dominant
force is biochemical bonding in origin.
Since the importance of cohesive property of fine-grained sediments cannot be
overstressed, during the past several decades, extensive research and experiments
have been conducted to investigate the nature of cohesive sediments and the
interaction between sediments and the ambient flow field. A number of controlling
parameters have also been proposed to define the degree of cohesion, such as water
content, mineralogy, cation exchange capacity, salinity of interstitial and overlying
water, organic content, and Bingham yield strength, all of which can, one way or
another, influence the cohesion of fine-grained sediments to a certain extent.
Nonetheless, none of these is readily quantified or measured in the field or in the
laboratory, thus, in the business of large-scale sediment transport modeling, these
parameters are often ignored. Rather, empiricism reigns and information regarding
the erodibility of bottom sediment and the depositional behavior is often obtained
from measurement in situ or test in the laboratory to provide site-specific
quantification and is used as input parameter in the numerical modeling.
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2.3 The Process of Flocculation
2.3.1 The Significance of Flocculation
Flocculation is the process by which cohesive sediments collide with each other
repeatedly to form aggregates under favorable conditions. The importance of
flocculation in sediment dynamics cannot be overemphasized. Cohesive sediments
are usually formed as aggregates or flocs in estuaries and coastal waters; therefore,
the transport of fine-grained sediments are in effect dominated and determined by
the properties of aggregates rather than the properties of single particles in the case
of cohesionless sediments. Figure 2.1 is a photograph of typical aggregates obtained
from the Rhine estuary van Leussen and Dronkers, 1988) and provides us with a
sense of how particles are bound together. It can be said that without the combined
effects of hydrodynamic forcing and the formation of aggregates, fecal pellets, or
flocs from suspended fine-grained sediments, these particles would simply act as
colloidal suspensions, remaining in the water column, incessantly moving back and
forth with the tides and eventually being carried away into the open ocean instead
of depositing onto the seafloor at the slack tides.
More evidence for and proofs of the significance of flocculation comes from
Krone (1972), who has shown that flocculation indeed plays a key role in creating
the turbidity maximum in Savannah Harbor which worsens the shoaling problem in
that region. Several researchers also reported similar findings in different areas
(Kranck, 1981; Davesne and Lepetit, 1980). The formation of longitudinal variation
of clay mineral distribution in an estuary is another phenomenon partly attributable
to flocculation (van Leussen, 1987).
More importantly, not only does flocculation have an impact on the depositional
properties of fine particles, but it also has a part in determining the erodibility of
- 22 -
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Figure 2.1 Photograph of aggregated cohesive sediments
in the River Rhine (Van Leussen and Dronker,
1988)
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the deposited bed. Since the bed is made up primarily of flocs settled out of the
water column where flocculation occurs, the surficial strength of the bed against the
erosion is, therefore, governed by the flocculation process as well.
However, it is not an easy task to simply define the sediment properties in terms
of flocculation effects, because it must be recognized that, during their transport in
a real world situation, cohesive sediments are subjected to continuous processes of
flocculation (or aggregation) and disaggregation (or breakup) making the properties
of fine-grained sediments, such as the size, the settling velocity, and the rate of
deposition, always in an unsteady state.
If, nonetheless, a quasi-equilibrium state of aggregates formation is reached, as
some researchers hypothesize, sediment properties which bear important
implications in sediment dynamics, like density and shear strength, can often be
determined by bulk properties of the aggregates, such as floc size, floc size
distribution, density, and floc strength (Krone, 1978). This will be elaborated
further in Section 2.3.3.
2.3.2 The Mechanism of Flocculation
The classic theory explaining the phenomenon of flocculation is the double layer
theory, which relates the bonding force of flocs and aggregates to the effective Van
der Waals forces at short range interparticle distance as a result of the compressed
layer around the particles that develops when the fine sediments move from the
fresh water to more saline water. This mechanism involved is termed by scientists
as salt flocculation. The most recent studies also show that there are other
mechanisms ether than salt flocculation such as organic aggregation, bioflocculation,
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and pelletization, which under certain circumstance might be held accountable for
the formation of aggregates (Van Leussen, 1988).
To bring particles together and to allow them to bind, collisions must occur and
the particles must be cohesive. Three important mechanisms existing to cause
collisions and enhance the formation of aggregates are Brownian motion, differential
settling, and velocity shear.
As was mentioned, the process of flocculation is a two-way vehicle: coagulation
and breakup occur simultaneously. Therefore, it is extremely difficult to quantify
these processes considering the nature of unsteadiness and the lack of understanding
of interaction between fluids and particles.
2.3.3 The Ordered Structure and Size of Flocs
The size of a floc varies enormously in the field. It has been observed that in
estuaries these aggregates (macroflocs) have a size up to 4 mm. In the open ocean,
very large macroscopic organic aggregates have been reported with size from a few
millimeters to several meters (marine snow) (Van Leussen, 1988). From a
geological point of view, the size distribution of the sediment sample is an important
indicator which theoretically under certain assumptions could be the dominant
parameter in a specific estuary. Nonetheless, the ability to relate quantitatively the
size spectra to the physical process in estuaries is still limited.
There have been several researchers proposing the classification of ordered
structures of aggregates, and extensive work has been done trying to relate the bulk
properties of aggregates, such as density and shear strength, to their ordered
structure. The most notable work among them was done by Krone by performing
tests on various sediments in a concentric cylinder viscometer (1963, 1978, 1986).
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As Krone observed, the ordered structure of aggregates can be represented
schematically as in Figure 2.2. The basic components, which are made up of
mineral particles glued together in a cluster with uniform porosity, is called zero-
order aggregates or primary particle aggregates (pa). The aggregation of these zero-
order aggregates with more or less uniform interaggregate porosity is called first-
order aggregate or particle aggregate aggregate (paa). Likewise, increasing orders of
aggregations are designated pna, with n-1 indicating the order of aggregation.
From his viscometer tests, Krone produced a table showing the densities and
shear strengths of aggregates with various orders (see Table 2.1). It is noted that
both density and shear strength decrease rapidly as the order of aggregation
increases.
A similar four-level aggregate structure proposed by Michaels and Bolger (1962),
Firth and Hunter (1976), van de Ven and Hunter (1977), and Frangois and van
Haute (1985) consists of primary particles, flocculi, floc, and floc aggregates. From
their work, it was concluded that the formation of aggregates depends heavily upon
the velocity shear in the flow field. Lower-order aggregates with higher shear
strength usually form near the bottom where shear stress is high, while higher-order
aggregates usually form within the water column.
In terms of mathematical modeling of contaminated sediment transport the
significance of flocculation is reflected in the choice of settling velocity for suspended
concentrations and in the threshold shear strength for bottom bed material.
Although the detailed simulation of flocculation processes, for an area such as
Boston Harbor, is extremely difficult at this stage and is beyond the scope of the
present work,, its influence on sediment properties should not be overlooked and
deserves further research attention.
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Sediment sample Order of Densitya Shear Strength
aggregation (kg m - 3) (Pa)
Wilmington District
Brunswick Harbor
Gulfport Channel
San Fransisco Bay
White River (in salt
water)
1250
1132
1093
1074
1164
1090
1067
1056
1205
1106
1078
1065
1269
1179
1137
1113
1098
1087
1079
1212
1109
1079
1065
2.1
0.94
0,26
0.12
3.4
0.41
0.12
0.062
4.6
0.69
0.47
0.18
2.2
0.39
0.14
0.14
0.082
0.036
0.020
4.9
0.68
0.47
0.19
' Density in seawater, = 1025 kg m- 3.
Table 2.1 Properties of suspended aggregates (Krone, 1978)
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Figure 2.2 A two dimensional schematic representation of
various ordered aggregates (Krone, 1986)
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2.4 The Processes of Deposition and Settling
As was discussed in the last section, the cohesive properties of estuarine
sediments usually result in the formation of flocs. As a consequence, Stokes law for
individual particle settling is not suitable. Instead, flocculation and gravitational
deposition of fine sediments are inseparable concurrent phenomena. Because a large
number of factors are involved, current knowledge about deposition and settling
acquired from experimental observation of suspended sediment in flumes or settling
tanks is largely empirical.
2.4.1 Laboratory Settling Test
Several parameters are important in describing the settling behavior of cohesive
sediment. These parameters include the concentration of suspended sediments,
their grain size distribution, and the bottom shear stress.
Kranck (1986) performed laboratory settling tests in salt water with shaking
with a view to simulate the turbulent environment in the field and to compare the
result with previous still-water tests. She found that the change in concentration
with time in a suspension follows one of several patterns or settling processes. Each
type of settling behavior can be described by a different function of time: slow
decrease, power law decrease, exponential decrease, and hindered settling. It was
also found that, at the initial stage of settling, single grain settling (decrease in
concentration of the coarsest particles) prevails, followed by floc settling (decrease
in all particle sizes).
In the slow-decrease mode, which is essentially single-grain settling, the relative
rate of loss of different particle sizes is independent of concentration but decreases
with an increase in shear. The bed formed during single-grain settling would be well
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sorted since only a narrow range of particle size deposits at one time (Kranck,
1980).
Power-law settling occurs at low shear and high suspended concentrations, while
exponential decrease occurs at high shear and low suspended concentration.
Hindered settling occurs at extremely high concentration, and is characterized by
decreased settling with increasing concentration.
Caution is advised in applying the results of laboratory tests to the field. It is
suspected that flume studies probably underestimate the natural settling rate by not
taking into account the existence of organic matter and bacteria which contribute to
enhance flocculation.
2.4.2 Settling Velocity
In order to model the deposition process, the most important parameter is the
settling velocity of the aggregated flocs, because the downward flux is represented
by the product of the settling velocity and suspended sediment concentration.
However, it should be understood that settling velocity is an average quantity that
represents the net effect of downward exchange process, and it can exhibit spatial
and temporal variability.
There have been attempts to relate the settling velocity to the concentration of
suspended sediment based on in-situ measurement. Generally, when concentration
is below the range at which hindered settling occurs, the following formula is used
(van Leussen, 1988):
Ws = KCm (2.1)
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where
Ws = setting velocity
C = suspended fine sediment concentration
K = empirical constant (depending on field situation)
-a = empirical exponent (between 0.8 and 2 from settling column test,
Mehta, 1988)
When the concentration of suspended sediment reaches hindered settling, which
is roughly several thousand ppm, the formula assumes the following form:
Ws = Wo(1 - k2C)b (2.2)
where
Wo = reference settling velocity
k2 = empirical constant (depending on sediment composition)
b = empirical constant (Richardson and Zaki, 1954, assume b = 5)
In Boston Harbor suspended solids concentration is generally low (1 < C <
10 mg/l, New England Aquarium, 1989) so that hindered settling would not apply.
It is believed that Krone's theory (m 1 in Eq. (2.1)) is applicable, although it
would be worthwhile to test the theory in the field.
2.4.3 Empirical Formula of The Deposition Rate
From the discussion above, the empirical rate of deposition is generally
formulated as the product of the potential total mass flux of settling material near
the lowest layer and the probability of it sticking to the bed (Krone, 1962):
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D=WsC[ 1 (rs < d) (2.3)
where Ws is the nominal settling velocity which stands for the cumulative effects of
all processes contributing to the settling of aggregates, C is the suspended sediment
concentration, and 1 - 's/Td represents the probability that aggregates will stick to
the bed when these aggregates settle to the bottom. rs is the bottom shear stress
and rd is the critical shear stress of deposition, introduced by Krone based on his
experimental observation, above which presumably no deposition will take place.
Various flume tests over the years showed that the critical stress of deposition is in
the range 0.06 < Td < 0.1 N/m.m (Odd, 1988).
2.5 The Processes of Erosion and Resuspension
Erosion plus resuspension is the reverse process of deposition. Combined
together, they determine the total rate of exchange near the bed. It has been
recognized that turbulence near the bed, which has an intermittent burst character,
plays an essential role in the exchange process. No less important are the cohesive
properties of fine sediments and the percentage of non-cohesive silt and sand
particles.
Extensive experiments have been performed during the past decade in an
attempt to characterize the erosion rate by bulk properties of fine sediment, such as
particle size spectra, organic content, density, cation exchange capacity, sodium
adsorption ratio, etc. However, these results may be of little use because laboratory
studies are hampered by a lack of knowledge of model scaling laws. In. addition,
laboratory tests were conducted often in unidirectional, steady, freshwater flow
conditions which is a sharp simplification of the more complicated estuarine
situations.
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2.5.1 The Modes of Erosion
The way the bottom bed is eroded depends highly on the magnitude of the bed
shear stress and the erodibility of the bed itself. The bottom shear stress is a
function of hydrodynamic forcing, while the bed itself may assume various forms.
The bed may be 1) made up of deposits with a static, high-concentration suspension;
2) soft, partially consolidated, and of high water content; or 3) dense, firm, and of
low water content. Under various situation, three different modes of erosion could
occur (van Leussen and Dronkers, 1989):
1) surface erosion, which occurs at the top several millimeters of the bed, is
caused by the removal of individual aggregates or particles through rupturing of the
inter-particle electrochemical bond.
2) mass erosion, which occurs usually during an extreme event where the stress
exceeds the shear strength of bottom bed, is characterized by the removal of a large
piece of soil beneath the bed surface.
3) instability of the interface between overlying water and fluid mud which
consists of high-concentration bottom deposits with pseudo-plastic behavior. This is
essentially a re-entrainment phenomenon, and may be viewed in mathematical
modeling as a diffusion process.
2.5.2 The Critical Shear Stress
Under steady flow laboratory conditions erosion usually is not observed until the
applied shear stress reaches a certain value that is strong enough to overcome the
bonding force of the surface layer of the deposited bed. Hence, the general
consensus is that there is a critical shear stress below which no erosion takes place
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and, based on experimental results, this critical shear stress is mainly determined by
the dry density of the exposed mud matrix at the exposed surface layer of the
deposited bed.
The definition of critical shear stress beyond which erosion ensues and its
introduction into the evaluation of erosion rate is of utmost importance in modeling
sediment transport, because it allows a single parameter to accommodate a series of
complicated phenomena which are often hard to quantify. Some investigators (de
Nadaillac, 1985) report that the critical shear stress for erosion of pure mud beds
increases with about the second or third power of the dry density of the bed surface.
Under conditions of steady current flowing over a deposited bed, it is found in
the experiments that erosion usually proceeds until a certain layer of bottom bed is
ripped off and the suspension sediment concentration reaches an equilibrium state.
Below such layer, the soil is sufficiently strong to resist further erosion.
This also suggests the presence of a layer structure in the bottom bed which
exhibits an increasing trend of dry density and resistance with increasing depth in
the bed. However, laboratory tests indicate that the critical shear stress of the
surface layers of the deposited bed is almost independent of the consolidation time
provided there is no significant portion of non-clay particles in the mixture (Odd,
1988).
Accompanying erosion is the process called resuspension, a term used generally
for the entrainment of near-bottom sediments into the overlying water column.
Resuspension is a major process in the repeated cycling of fine-grained sediment
transport in an estuary, which causes the overlying water to become more turbid
and sometimes produces significant stratification effects, thus changing the flow
field. Because of the presence of distinct chemical components and benthic
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communities, the process of resuspension can modify and alter the chemical and
biological composition of suspended estuarine sediments through the increase of
interaction time, adsorption and deadsorption, and mixing up of sediments from
different sites.
2.5.3 Empirical Formula of the Erosion Rate
A formula expressing the rate of erosion was originally introduced by
Partheniades (1965):
E = M - 1 (rs > re) (2.4)
where M is an empirical constant with value ranging from 0.1 to 4 g/m 2/s according
to various tests, and re is the critical shear stress for erosion which varies on a site-
specific basis and needs to be evaluated by laboratory tests. A similar formula has
been reported by Puls (1984).
2.6 Process of Consolidation
2.6.1 Description of the Consolidation Process
The dynamic behavior of consolidation is sufficiently complicated to have made
difficult substantial progress in simulation methodology (de Nadaillac 1985). The
internal structure of the sediment bed, during the course of consolidation, will
undergo various stages of change (see Figure 2.3), ranging from a loose honeycomb
state to a dense compact structure (Partheniades, 1965). When the concentration of
near-bed sediments is low, the sediment itself can be viewed as a Newtonian fluid,
but, with increasing concentration, the sediment starts to exhibit non-Newtonian
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schematic structure of flocculated
bed at its loosest state
new equilibrium arrangement after
consolidation by an increasing overburden
Al%. 1- -
densely packed arrangement
Figure 2.3 Bed structure under varous stage of consolidation
(Parthensiades, 1965)
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behavior until it reaches the point where the soil matrix establishes a supporting
framework strong enough to become a firm bed.
The transition between these stages is not clear-cut, with experiments showing
that it is a function of the time history. Thus there is no simple criteria, such as
using density, water content, or effective stress as an indicator (Parker and Lee,
1979; Srivastava,1983), to mark the particular status of the sediment bed.
Accordingly, the analytical tools necessary to tackle the consolidation problem
range from single-phase fluid mechanics to non-Newtonian fluid mechanics and solid
mechanics as the dewatering process of the deposited bed advances with time.
At the first stage of transition of suspension to soil, a weak and compressible
skeleton develops, and the strains are relatively large. This process, termed primary
consolidation by soil mechanists, could last for several days, or even months (Lee
and Sills, 1981), and it ends with the complete dissipation of pore water pressure.
The next process, called secondary consolidation, may continue for weeks or months
as a result of plastic deformation of the soil under a constant overburden.
2.6.2 The Theory of Consolidation
The only theory available originated from Terzaghi (1924) who developed the
theory of one-dimensional primary consolidation based on the following
assumptions:
1) pore waters only flow in the vertical direction
2) compression only occurs in the vertical direction
3) properties of soil are homogeneous
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4) overburden pressure comes from water only, the self weight of soil is
neglected.
5) the constitutive relationship between void ratio and permeability and
between void ratio and effective stress is constant, which is essential assuming
infinitesimal strain in soil.
The applicability of Terzaghi's theory in estuarine environment is limited
because of the large strain commonly observed during consolidation process. In
1967, Gibson et al. developed a much more general theory for finite nonlinear
consolidation of thick homogeneous layers, with the governing partial differential
equation assuming the following form:
d rk(e)l e 1 a D k(e) do ael 1 e(2.5)Ua~eJ - ' S- d l+e) Z- - - 0 (2.5)
where
e = void ratio
Z = time-independent material coordinate
k = soil permeability
S = soil specific weight
t = time history
7w = unit weight of the pore fluid
= effective stress
Numerical techniques have been employed to solve the governing equation for
specified boundary conditions and constitutive relationships (Gibson et al., 1981;
Cargill, 1982).
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The consolidation process certainly could be incorporated into a model for
simulating sediment transport in Boston Harbor, but it is only important when the
bottom bed is the research focus and the change in properties of the deposited bed is
being investigated. However, for our research, we are mainly concerned about the
mass exchange rate between the water and the bottom bed of the computational
domain, and the inclusion of consolidation would only increase the number of
empirical parameters involved, thus complicating the calibration procedure. Hence
the simulation of consolidation process is beyond the scope of the present work and
is excluded at the moment.
2.7 The Significance of Biochemical Factors in Sediment Transport
Contaminated sediment often contains organic matter, chemical gradients,
adhesive substances, feces, biota, and animal-produced tracks and tubes. All of
these constituents and their associated chemical and biological activities can
significantly affect the properties of sediment, such as erodibility. In some cases,
they even can alter the sedimentation pattern and cause significant change in mass
flux at the water-bed interface by processes such as biological productivity,
biological pelletization, and bioturbation.
All these factors, chemically and biologically, are site specific and time
dependant and need to be assessed and quantified when the large-scale sediment
transport problem is treated because they might play an important role in the
sediment dynamics. In a later section, we shall go further to discuss these issues in
respect to Boston Harbor.
As we mentioned earlier, the existence of the benthic community within or
around the bottom bed and planktonic organisms within the overlying water and
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their associated activities can have significant impact on the processes of sediment
transport.
Evidence shows that the erodibility of deposited bed may be altered or even
controlled by biota as a result of the decomposition of organic matter by microbes
and organisms, thus causing the alternation of sediment pH, redox potential, and
pore water chemistry. In addition, the ubiquitous bacteria and larger organisms
secrete mucus films and threads of mucopolysaccharides that act like glue to bind
sediment together; therefore the bed strength is enhanced during such activities. On
the other hand, large deposit-feeding animals stir and disrupt sediments, produce
burrow, trails, and tube, and deposit feces and pseudo-feces while searching through
sediment for food sources. These events can change the roughness of the sediment
and reduce its shear strength. In light of all these, it must be recognized that the
biota act both to increase and decrease the cohesiveness of sediments and loose beds,
i.e., they have the ability to concurrently stabilize and destabilize fine-grained
sediments (Montague, 1986).
2.7.1 Influence of Biological Productivity
Biological productivity often occurs over large areas of ocean surface water
where nutrient recharging is active (Eppley and Peterson, 1979). It can increase, in
some cases substantially, the amount of suspended sediment concentration in the
water column and thereby control the accumulation rate and sedimentation pattern
on the underlying substrates.
Within Boston Harbor where nutrient supply is abundant it is expected that
biological productivity should have a part in the sedimentation process, but good
estimates of the amount of sedimentation coming from this activity are lacking.
- 40 -
However, it is believed that at most it only constitutes a small fraction of total
sedimentation in Boston Harbor.
2.7.2 The Influence of Biological Pelletization
Pelletization is a terminology referred to processes in which planktonic
organisms use several means to filter particulates from the water column, and then
produce pellets that are large enough to sink rapidly to the sea floor (Osterberg et
al., 1964; McCave 1975). These processes include filtering, digestion, and excretion
(Frankenberg and Smith, 1967); capture on films or extended nets (Silver and
Bruland, 1981); generation of particulate organic matter from dissolution of bubbles
in sea water (Johnson and Cooke, 1980); and large-scale pellets from fish feeding
(Robinson and Bailey, 1981).
The contribution of sedimentation coming from this activity in Boston Harbor,
as we suspect, is probably small due to the inability of highly polluted water in
Boston Harbor to support the survival of planktonic organisms.
2.7.3 Influence of Bioturbation
On the ocean floor, bioturbation is thought to be almost ubiquitous except in
very restricted basins where biological oxidation demands are high or where sills
intercept low-oxygen water from the water masses of the world ocean. Because the
degree of benthic reworking of bottom beds corresponds highly to the oxygen
content of the overlying water, the bioturbation is therefore limited only by the
lowest oxygen content which is less than 0.5 mn/i (Gorsline, 1984).
In a paper by Montague (1986), several previous works regarding the effect of
bioturbation on deposited beds, which include in situ flume studies, analysis of field
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cores and laboratory experimentation, were reviewed and, with special pertinent
interest to this study, some of the works were conducted in Massachusetts Bay.
Surprisingly, most of these studies yielded unexpected estimates of sediment
stability due to bioturbation.
The explanation, as Montague pointed out, might be:
1) Microbes and meiofauna in sediments produce copious adhesive substances
for a variety of reasons under various circumstances, not the least of which may be
enhanced survival in a flow field.
2) The effects of smaller organisms may be more prevalent and compelling than
those of larger bioturbators because smaller organisms are ubiquitous, they
outnumber the bigger ones by a huge margin, they grow faster, and recover from
perturbation faster than larger organisms.
3) Smaller organisms are basic and essential to the survival of the larger
animals, which depend on them for food. Therefore, survival of the entire food web
of organisms may thus be enhanced by sediment stabilization.
Based on these reasonings, Montague concluded that the net effect of biota on
erodibility on a bay-wide basis is to stabilize sediment and to control, to the degree
as much as possible, both deposition and resuspension in ways useful to the biota
themselves. However, he also cautioned that more investigation is needed on the
net effect of bioturbation on bottom sediment movement compared to the other
controlling factors.
In light of the above, it appears that from a mathematical modeling point of
view, the overall influence of bioturbation, though hard to be quantified in
mathematical terms, is to change the bed shear strength as an indicator of the
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stability of the bottom bed. Hence, although bioturbation is not modeled in our
simulation, it is implicitly reflected in and represented by a single parameter, i.e.
the bed strength.
2.8 Occurrence of Fluid Mud
Another interesting phenomenon, as we have already touched upon earlier, and
which recently has obtained tremendous attention in the academic community, is
the occurrence of highly concentrated fluid mud near the bottom bed. The focus on
its formation mechanism, heological behavior and movement comes from the
realization that fluid mud movement often transports and redistributes vast
amounts of previously deposited sediment and thus cannot be neglected without
taking into consideration its role in sediment transport. Furthermore, the
distinctive disparity in dynamic behavior between low-concentration and high-
concentration sediments is significant enough to justify the study of the dynamic
response of fluid mud separated from the usual suspended concentration under
various circumstances on its own.
Fluid mud is often found in a turbidity maximum of high energy estuaries where
the amount of the input sediments is large and settling processes occur unusually
fast. It has been reported to exist on many shorelines of the world, ranging from the
humid equatorial latitudes to the frozen deserts of the Arctic (Wells and Kemp,
1986). Its observed thickness ranges between a few centimeters and several meters
and with a concentration above 75,000 ppm frequently reported to occur at muddy
estuaries (van Leussen and Dronkers, 1988). Normally the range of concentration
values the fluid mud will display varies enormously. Many engineers choose to
regard the lower bound of concentration value of fluid mud as that at which the
phenomenon of hindered settling starts to occur and the upper bound of that value
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as that at which the near-bed suspension starts to develop skeleton-supported
structure, although the values at these two stages also vary over a certain range
(Thorn and Parsons, 1980; Sills and Elder, 1986).
The distinctive feature of fluid mud, apart from its non-Newtonian theological
properties, is that there is a sharp concentration interface between the mud itself
and the surrounding water, and longitudinal inhomogeneity during transport is also
quite common. This is a phenomenon widely observed in the world's major
estuaries and near-shore coastal waters. In Boston Harbor, there have been no
findings reported so far indicating the existence or potential formation of fluid mud.
But if it does exist, the amount of sediment transport due to this kind of movement
will be extraordinary because of its extremely high concentrations. For instance,
one distinct example found in the mouth of the Rotterdam Waterway shows that
fluid mud movement contributes to more than 60 tons per meter width of sediment
transport (van Leussen and Dronkers, 1988).
Pedagogically speaking, the predominant mechanism for the formation of fluid
mud is quite similar to that of a shock wave in aeronautical engineering which also
has a sharp density discontinuity right at the interface. It happens when the
deposition rate of suspended solids is much faster in speed and larger in quantity
than the rate of consolidation, then the fluid mud starts to form. This also gives the
explanation why the finding of fluid mud is typically reported in areas where the
suspended solid concentration is high. However, this phenomenon of fluid mud
formation, perhaps may not be the case in Boston Harbor due to relatively low
sediment loading and tidal forcing there.
The second possible cause of the fluid mud comes from the weakening of surficial
layer of deposited bed by wave actions. According to laboratory experiments by
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Mehta and Maa (1986), the oscillatory flow induced by wave motion could also be a
dominant mechanism for the formation of high-concentration suspension in the near-
bed region as a consequence of a high rate of bed erosion and a much lower rate of
upward entrainment of the resultant fluid in the ambient water. We suspect that
this fluidization process, plus the disturbing of bottom bed caused by dredging
operations, could possibly trigger the formation of fluid mud in Boston Harbor.
Realistically, the state of fluid mud can be mobile or stationary after it is formed
(Kirby, 1988) and, generally speaking, the motion of the fluid mud is induced either
under the influence of large enough applied shear stress produced by overlying
flowing water or the pressure gradient due to gravity effect when fluid mud lies on
an inclined slope (Liu and Mei, 1989).
The current developed transport model, essentially two dimensional in nature, is
not intended to simulate the dynamics of fluid mud. And it is advised that before
the development of a numerical model for simulating fluid mud movement in Boston
Harbor, we need more field measurement to verify the existence of fluid mud.
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Chapter 3 MATHEMATICAL MODELING OF SEDIMENT TRANSPORT IN BOSTON
HARBOR
Mathematical modeling and physical modeling are two alternative and
complementary approaches often employed, either separately or jointly, by
researchers and engineers in trying to understand the dynamic behavior of cohesive
sediment in response to estuarine and coastal environment under various
environmental conditions. The former is of more recent development thanks to the
advent of high-speed computers and the vast amount of computational power it
brought about.
Each of these two methods has its own advantages and limitations. While
physical modeling can reproduce satisfactorily hydrodynamic regimes and salinity
variation within an estuary, it is often plagued by problems of scaling effects.
Mathematical modeling, on the other hand, has the capability to simulate all the
relevwnt processes involved which could be quantified in terms of mathematical
forms, inasmuch as the numerical scheme is accurate enough and sufficiently fast to
simulate over a satisfactory period of time. The recent trend shows that, owing to
the comparative merits of cost effectiveness and efficiency, more people are turning
to mathematical modeling to obtain solutions they need.
Use of models can assist engineering practice and scientific research in many
practical'ways. Typical engineering problems that could be answered by this kind
of model are dredging and control of erosion in muddy or silty environment. In
recent years, motivation for the development of mathematical models comes also
from the need for attacking the problem of pollution associated with cohesive
sediment transport.
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The development of mathematical models to predict the movement of cohesive
sediment started only about 20 years ago. Because of the formidable set of
empirical formulae involved, their advance is still far behind other water quality
models, which normally predict the fate of simple constituents, like temperature,
salinity, dissolved oxygen, etc. The fundamental difficulty lies, as Owen pointed
out in 1976, in the modelers' inability to arrive at suitable methods of modeling
little-understood processes other than relying on empiricism. The scarcity of work
done is a clear indication of this difficulty. By far, the most successful examples
come from the prediction and simulation of turbidity maximum in estuaries and
siltation problems in harbors (Dyer, 1988; O'Connor and Nicholson, 1988), but less
work has been done with respect to sediment-contaminant interaction.
This chapter first presents the approach and philosophy adopted for modeling
cohesive sediment transport, followed by an account of the past development of
different types of mathematical models. The description and evaluation of the
previously developed circulation and transport models will be presented next. Then
the erosion-deposition sub-models will be discussed. Also included is the physical
implications and mathematical formulation of erosion and deposition processes. The
sensitivity analysis based on relevant parameters will be presented in the next
chapter and important information will be extracted by comparing the simulation
results with historical contamination data from Boston Harbor.
3.1 Modeling Approach and Methodology for Cohesive Sediment Transport
The first experimental work on transport of cohesive sediment in estuaries was
done by Krone in 1962, while the first attempt to numerically model mud transport
was not done until 1968 by Odd and Owen for the siltation problem in the Thames
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estuary. Over the years, the need for models that can simulate the transport of fine-
grained sediments has grown and even become urgent.
In order to achieve reliable results the model itself has to address every pertinent
process on a site-specific basis. All the interlocking and complicated physical,
chemical, and biological processes that bear the most important implications on
fine-grained sediment transport were already highlighted and outlined in Chapter 2;
they are termed separately flocculation, deposition, erosion, and consolidation.
During the past several decades, process-oriented works have greatly advanced our
knowledge in all these respects. However, as we have already mentioned earlier, due
to the complex nature of these processes, very often we still rely on empirical
formula to represent these processes in the modeling business.
A complete mathematical model of cohesive sediment transport requires first a
set of simultaneous partial differential equations governing the movement of water,
salt, fine-grained sediments, and all the processes that are relevant to the behavior
of fine particles, either chemically or biologically. Such equations are based on
physical conservation laws applied to mass, momentum, and suspended
constituents. At the same time, suitable and accurate boundary conditions have to
be specified along the domain of interest and the strength of the source within the
boundary has to be quantified. Subsequently, systematic calculation through a
suitable numerical scheme such as finite elements or finite differences must be
implemented to provide the answers needed for a specific objective.
In light of the above, it seems that the strategy for simulating the transport of
cohesive sediment is quite simple and straightforward. The only task, it appears, is
to set up a set of governing equations as comprehensively as possible, and then to
solve it numerically with the aid of computation power provided by modern
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computers. Nevertheless, considering the amount of computer time consumed in
calculation, it is actually unwise to solve the complete equations without any
justification. On the other hand, the more equations we put into the model, the
more estimated parameters we would have in the model, and this adds to the
difficulty of calibrating the model.
The more sensible modeling approach for large-scale problems such as the
simulation of sediment transport in Boston Harbor, therefore, is to pinpoint the
major mechanisms responsible for the sediment transport, and reduce unnecessary
empiricism in mathematical modeling to the extent that reasonable results can be
obtained and the costs of computer time are within a tolerable range. With this in
mind, the adoption of existing circulation models, like TEA, and the modification of
existing transport models, like ELA, is our choice for simulating cohesive sediment
transport. Despite the inherent limitations of these models which we shall discuss in
next section, enough insight has been gained to draw useful conclusions and to
identify further research needs in numerical modeling, as we shall discuss later.
In the mean time, we have to be aware that the combination of field study and
laboratory tests with numerical modeling is indispensable in predicting and
understanding the dynamics of sediment transport. Field and laboratory studies
could substantially aid the determination of the major transport mechanisms
responsible for the movement of cohesive sediment, thus reducing unwanted
empiricism involved in numerical modeling.
3.2 The Development of a Cohesive Sediment Transport Model
During the past two decades, different types of mathematical cohesive sediment
transport models with various degree of sophistication and numerical schemes have
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been proposed with the main emphasis usually placed on simulating the
phenomenon of turbidity maximum in tidal estuaries and zones of mud siltation in
navigational waterways. Most of these models have achieved a certain level of
success in adequately reproducing the field situation under its own basic
assumptions.
One of the simplest kinds of cohesive sediment transport models in simulating
turbidity maximum is a one-dimensional model which is only restrictedly applicable
to a shallow, well-mixed estuary with uniform crossection (Maskell, 1984). The use
of this kind of model is somewhat limited due to its deficiency in resolving the
vertical gravitational circulation significant in many field situations.
More advanced transport models include two-dimensional depth-averaged
models, which still, in one way or another, suffer from the negligence of the vertical
gravitational circulation effect. However, improvement can be made by considering
two-layered or multi-layered structure with the special method of calculating the
vertical mixing and the modeling of deposited beds (Rodger and Odd, 1985). These
models generally work well in well-mixed estuaries, but not suitable in regions with
strong secondary currents and in highly stratified environments.
Three-dimensional models are of late development. A recent example (Hayter
and Pakala, 1989) attempted to solve by finite element method a complete set of
governing equations including estuarine hydrodynamics, cohesive sediment
transport, and inorganic contaminants transport. This kind of model, despite its
completeness and comprehensiveness, often suffers from a difficult choice among a
huge number of parameters and an enormous amount of computational expenditure.
For a well-controlled and small-scale simulation within a shorter period of time, like
in a flume study, three-dimensional models may work particularly well, but for
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large-scale and long-term simulation, their expense might well be formidable enough
to restrict their use.
Judging by the relative merits and disadvantages of different kinds of models
available, the two-dimensional depth-averaged model at this time is still the
preference for most practical engineering problems.
3.3 TEA and ELA
3.3.1 Description of Models
Two models were used in sequence to simulate the flow field and the. transport of
contaminated sediments in Boston Harbor. TEA (Tidal Embayment Analysis) was
utilized in the first place to predict water movement in Boston Harbor. This model
was developed solely with the simulation of tidal circulation in mind, i.e.. the
velocity field is created by using tidal constituents as the only driving forces.
Subsequently, the velocity field obtained from TEA was then used as input to drive
ELA (Eulerian-Lagrangian Analysis) to simulate various transport processes
pertaining to sediment dynamics such as advection, diffusion, erosion, and
deposition which are all expressible in mathematical terms.
In essence, TEA is a two-dimensional harmonic finite element circulation model
which solves numerically the depth-averaged forms of the Navier-Stokes and
continuity equations. Both linear, in which the governing equations are linearized,
and nonlinear, in which nonlinear terms are included, versions of TEA are available,
but only linear TEA was chosen in the simulation for the sake of time saving and
linear TEA's demonstrated usefulness (Adams et al., 1988).
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ELA is a two-dimensional finite-element transport model which numerically
solves the depth-averaged form of the advection-diffusion equations. Numerically
and parametrically complicated as they may be, the physical implications involved
in the mathematical formulations of governing equations for these two models are
actually as simple as the manifestation of the principles of mass and momentum
conservation.
Over the past several years since their establishment, both models have been
extensively applied to Boston Harbor for practical engineering problems related to
the siting of discharge outfall for secondary wastewater treatment plant and
environmental impact evaluation for CSO facilities plan. A complete description of
mathematical formulations and numerical schemes for two models can be found in
Westernik's (1984) and Baptista's (1987) original works, and the practical
application aspects of these models can be found in Kossik et al. (1986), Adams et
al. (1987), Lee et al. (1989). The interested reader is referred to these sources for
more detailed description and further information.
3.3.2 The Models' Inherent Assumptions
Although the models' usefulness and achievement have been demonstrated and
illustrated before, we have to keep in mind the limitations imposed by the
assumptions inherent in these two models before we proceed to apply them to solve
real-world problems.
In terms of fine-grained sediments simulation manifested with a three-
dimensional predisposition, the first thing to be noticed is the fact that, as we have
indicated above, both models are two-dimensional in nature or at most quasi-three-
dimensional considering the depth-averaged procedure in deriving governing
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equations and the incorporation of modeling of erosion-deposition process, thereby
some other three-dimensional effects certainly can not be adequately simulated.
Hence, generally speaking, these two models should only be applied to well-mixed,
tidally dominated coastal embayments if reasonable results are to be obtained.
Second, the hydrodynamic forcings in the models, which create applied shear
stresses on the sea floor and thus have a major bearing on erosion-deposition
processes, are only representative of tidal currents. Other important forcings, such
as strong near-shore wave actions evidenced by breaking phenomenon at the surf
zone and powerful episodic hurricane surges, are not able to be taken into account.
Studies have shown that, even on the outer continental shelf as deep as 120-180
meters, surface waves are strong enough to pick up sediments (Silvester and
Mogridge, 1970). Closer inshore, the incidents 'of high turbidity in estuarine and
open-coast environments coinciding with periodical movement of strong waves have
been reported (Anderson, 1972; Schubel, 1968). Wave action also has the ability to
inhibit the deposition process of low-concentration suspensions on the order of
1 ppm as McCave reported (1970, 1971).
From the discussion above, we should expect some discrepancies between our
simulation and real-world situation due to these factors.
3.4 Erosion-Deposition Model
3.4.1 Exchange Process at The Water-Bed Interface
The most important feature of contaminated sediment transport is probably the
exchange process at the interface of the water column and bottom bed. In an
estuary where dynamic processes occur continuously, the ambient overlying water
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often carries certain amounts of sediment concentration, and usually the bottom
also consists of sediments either in particulate form or in aggregate form. If the
sediments in the bed are freshly settled out of the overlying water, then it is called
deposited bed; if the bottom bed has undergone consolidation for a certain period of
time, then it is called a settled bed, and will finally transform to sedimentary rock.
Since the exchange process of sediments between the water and beds, namely erosion
and deposition, is in a constant state of mobilizing, the quantification of mass flux
through the interface of overlying water and bottom beds is essential and important
to the prediction of the fate and destiny of contaminated sediment.
Among all the important parameters characterizing the response of bottom beds
during the exchange process, the bed strength of the bottom sediments, as a
artificially defined physical concept, is a measure of the resistance of the bed to the
disruptive force of applied shear stress caused by the flowing water, and it is, from
physical point of view, a cumulative effect of inter-particle friction, submerged
weight of particles or flocs, and cohesive bonding forces. When the applied shear
stress at the interface is strong enough to overcome the-bed strength, the sediments
will be dislodged from the bed resulting in an upward mass flux. This process is
often called resuspension when it is applied to a deposited bed, and erosion when
applied to a settled bed. On the other hand, the downward mass flux, which
happens when the flowing water cannot carry the sediment concentration, is called
deposition.
Available studies are not sufficient to identify if the exchange process at the
water-bed interface is going exclusively in one direction (i.e., whenever there is
erosion, there is no deposition, and vice versa), or if both processes occur
simultaneously (i.e., when erosion happens, big flocs contained in the water are
settling as well). Experimental evidence is available to support both arguments.
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Luettich (1987) proposed a conceptual model in an attempt to unify the two
theories. It appears that more experimental work is needed to solve the paradox
here. It is not this thesis's purpose to address the issue and we will assume that
only one process occurs at a time.
3.4.2 Mathematical Formulation of Exchange Mass Flux
Mathematically, the mass flux across the interface of water and bottom bed can
be expressed in the following form (Luettich, 1987):
= WsCso- Cu (3.1)
where Ws represents the particle settling velocity, Cso is the suspended sediment
concentration near the bottom bed, and WT'C stands for the mass flux due to
turbulent fluctuations in the vertical direction. When the value of 0 is greater than
zero, we have net deposition, and when the value turns negative, we have net
erosion.
Because of the difficulties in evaluation of the separate componets of Eq. (3.1) it
is sound to substitute empirical formulae for erosion and deposition and thereby the
final mathematical form of the erosion-deposition model is obtained:
= M _1 -WS [1 (3.2)
where M is erosion coefficient, rs is bottom shear stress, re is erosion threshold, rd is
deposition threshold, Ws is settling velocity, and c is depth-averaged suspension
concentration. Note that when rs < d
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; 1~~~ =~~~~~~~~~ - Ws(3.3)
and when r7 > re
0 = L ] (3.4)
Recalling that our main concern is the change of suspended concentration in the
water column, and that we implicitly assume that concentration is uniformly
distributed in water column, Eq. (3.4) can be expressed as:
t E[ [ - ws1] IWc[ - (3.5)
where h is the water depth.
Eq. (3.5) is a first-order ordinary differential equation that can be easily
incorporated into existing transport models such as ELA and a number of numerical
schemes are available to solve this equation during each timestep of execution. In
our implementation, a fourth-order Runge-Kutta method has been chosen for solving
the mathematical expression of the erosion-deposition processes.
It is important to note that the empirical formulae we adopt here were all
verified in laboratories with the assumption that the exchange process is an
exclusionary one-way vehicle and the measurement of all parameters contained in
these formulae was made under such conditions, so the erosion formulae are actually
representations of the net effect of the combined action of erosion and deposition in
the case that erosion anl deposition do occur simultaneously and erosion dominates
over deposition; likewise, the deposition formula are in effect the cumulative
evaluation of combined action of erosion and deposition when the quantity of
deposition exceeds the quantity of erosion. Therefore, in light of the nature of these
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empirical formulae, in our numerical scheme, the erosion threshold Te and deposition
threshold rd are assumed to be the same value. The assumption of the equivalence
of erosion critical velocity and deposition critical velocity is certainly oversimplified
and probably not realistic, since both are determined by different mechanisms.
Settling is more likely a function of turbulence within water column, while erosion is
controlled primarily by near-bottom shear stress. Nonetheless, in order to reduce
the computational effort and because of the uncertainty involved in targeting these
values in the field and the empirical nature of erosion and deposition formulae, then,
once the critical shear stress is set, the erosion formula and deposition formula are
used separately depending upon the magnitude of applied shear stress at that
particular region. Note also that Ws is chosen as constant in our simulation
regardless of the size distribution of sediments. Nonetheless, considering the effect
of coagulation, this may be a reasonable assumption.
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Chapter 4 MODEL INPUTS AND SENSITIVITY ANALYSIS
The model inputs, which include a comprehensive set of parameters and the
results of sensitivity analysis, are discussed and presented in this chapter, along
with an examination of past sedimentation and contamination data collected in
previous studies on Boston Harbor. Although a rigorous verification and calibration
of simulation results against field data seems impossible at the moment and thus is
not carried out in this study, the comparison made did show an illuminating and
reasonable agreement. It is believed that, for an exclusively tidally dominated
environment, the results presented here illustrate certain useful features of the
model as a predictive tool.
4.1 Description of Model Inputs
The input and output of circulation model TEA and transport model ELA are
summarized in Table 4.1 and Table 4.2. The significance of each of the input
parameters and the range of values chosen in sensitivity studies of sediment
transport simulation will be described and discussed in the following.
4.1.1 Grid and Velocity Field
Calculations for both TEA and ELA were performed by utilizing the newly
developed finite-element grid shown in Figure 4.la, which depicts the whole
computational domain (Massachusetts Bay), and Figure 4.1b, which shows the
detail of Boston Harbor and its surrounding tributaries. This grid, developed by
engineers at Camp Dresser & McKee, Inc., for the evaluation of CSOs' impact on
water quality of receiving bodies of water in Boston Harbor in the CSO facilities
plan (1988), extends the previous grid to include the surrounding tributaries where
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Table 4.1
Input/Output for Circulation Model TEA
Input
----- geometry and bathymetry of domain (finite element grid of Massachusetts
Bay and Boston Harbor)
----- forcing functions (tidal constituents, steady current and wind)
----- bottom friction factor, wind drag coefficient
----- boundary conditions
Output
----- circulation represented by harmonic components as a function of space and
time
Table 4.2
Input/Output for Transport Model ELA
Input
----- geometry and bathymetry of domain (finite element grid of Massachusetts
Bay and Boston Harbor)
----- advective velocity field (output from TEA)
----- source location, strength and initial dilution
----- dispersion coefficient
----- boundary condition, timesteps, and length of simulation
----- settling velocity and deposition threshold
----- erosion threshold and erosion coefficient
Output
----- concentration as a function of time and space
----- sedimentation as a function of time and space
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Figure 4.la Finite element grid of Massachusetts Bay
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Figure 4.1b Finmite lement grid of Massachusetts Bay, detail of
Boston Harbor
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most of the CSO outfalls are sited, and it has a total 1031 triangular elements and
2358 quadratic nodes (three at corners and three at sides) compared to 888 elements
and 2001 quadratic nodes in the old one. Its expansion from the old version not
only further expands and refines the harbor-wide resolution with a typical
characteristic length scale of several hundred meters but also makes the calculation
of sedimentation in Boston Harbor more accurate, where it is believed that most of
the fine-grained sediments entering into system will deposit at the early stage. Also
noted is the fact that in the region outside of the harbor, the new grid essentially
remains the same as the old one with length scale about 10 km.
With regard to the simulation of tidal current, the linear version of the model
TEA was utilized for its comparative accuracy and adequacy in recreating flow
fields and its time-saving efficiency (Kossik et al., 1986). Two forcing constituents
were chosen in driving TEA. One is the semi-diurnal tidal constituent M2 with a
period of 12.42 hrs, which accounts for 60% to 70% of observed variation in field-
collected tidal velocity data analyzed harmonically by EG&G (1984), the other
selected forcing is zero-frequency riverine discharge represented in model input by
annual discharge rates from the major tributaries surrounding Boston Harbor, where
a significant amount of contaminated sediments derived from industrial and
domestic wastes enters into Boston Harbor each year.
The simulated flow regime for each forcing is depicted in Figure 4.2 and Figure
4.3. As the results indicate, the velocity field created by riverine forcing is rather
negligible compared to that produced by M2 forcing. Therefore, we shall expect the
tidal currents would make up the major component of flow field in Boston Harbor
for creating applied shear stress near the bottom bed of Boston Harbor in our
simulation.
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1 m/s
Figure 4.2 Flow field at peak velocity created by M2 tide
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Figure 4.3 Flow field created by steady riverine discharge
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4.1.2 Source Location and Loading
Targeting of the major fine-grained sediment sources contributing to the
sedimentation and turbidity level of Boston Harbor has never been an easy task, let
alone the estimate of loading strength of sources. Presumably these sources include
municipal and industrial wastes, riverine discharge, and open ocean inflow from
Mass Bay. It has been an interesting debate as to which source is mainly
responsible for modern sedimentation in Massachusetts Bay, since it appears that
none of these sources can account for the total deposition there. Some geologists
have argued based on collected field data and observed circulation pattern that most
of the modern sedimentation in harbors and ports along the northeast coast is
actually coming from the Atlantic Ocean instead of from land sources (Mead, 1972).
In our simulation, the ocean source is not included due to our present inability to
quantify its loading strength and the fact that the sediments coming from open
ocean are much less contaminated than sediments from the land and presumably do
not play a major part in pollutant transport.
The sediment sources we selected in this study include 1) two existing
wastewater treatment plants which contribute fine-grained sediments through
sludge disposal and effluent discharges, 2) combined sewer overflow, 3) dry weather
overflow, 4) stormwater runoff, and 5) direct surface deposition. The annual
estimated quantities of sediments input into the major receiving bodies of water are
summarized in Table 4.3. The sources of sediment loading are also classified and
combined as those in Table 4.3 and are indicated in Figure 4.4. These values were
developed by CDM engineers in the "Technical Memorandum 5-1A: Interim Water
Quality Impact Evaluation" for CSO facilities plan, which classifies the contributing
sources according to surrounding tributaries and receiving bodies of water.
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CSO loadings were adopted from an earlier facilities plan (1982), which used the
computer models SWMM and SEMSTORM as simulation tools. The average
annual volumes and loads reflect a year with typical precipitation totaling 43 inches
and based on between 100 and 120 precipitation events. The total suspended solids
in the loading are generally between 150 to 260 mg/1 depending on location.
Dry weather overflows were developed by identifying two types of sources:
community collection systems and the MWRA conveyance system. TSS values
were taken to be similar to those of dry weather flow reaching the Deer Island
treatment plant, which is about 20 mg/l.
Storm water runoff loadings were also taken without revit n from the 1982
facilities plan and were based on the SWMM and SEMSTORM models. TSS ranges
from 100 to 300 mg/l depending on locations.
Loadings from the two wastewater treatment plants were based on water quality
survey data from Massachusetts DEQE, daily plant logs, and several other reports.
For effluent, the TSS is 93 mg/1 at Deer Island and 72 mg/1 at Nut Island; while for
sludge, it is 35,000 mg/i at Deer Island and 17,000 mg/1 at Nut Island.
Direct surface deposition loadings include loadings associated with rainfall, dry
weather deposition, water fowl, and discharges from pleasure boats and commercial
shipping. The loading was selected from literature as N0.48 kg/m 2/yr (Kobriger,
1984).
The location of the above sources is shown in Figure 4.4. Note that direct
deposition is simulated by a uniform areal loading. Also note that the two
wastewater treatment plants (Deer Is. and Nut Is.) were treated as a single source
located in President Roads. The reason is that treatment plant effluent, though
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large in volume, only constitutes a small fraction of the sediment loading in
comparison with sludge. Although the Deer and Nut Is. effluents are discharged to
separate waterbodies (President Roads and Nantasket Roads, respectively), both
plants discharge their sludge to President Roads. Also note that, in spite of the fact
that sludge is discharged only on ebbing tides, for simplicity we simulate all sources
as continuous.
4.1.3 Boundary Conditions, Length of Simulation and Dispersion Coefficient
Boundary conditions must be specified before running ELA. Currently ELA
supports two types of boundary condition for the diffusion part of the transport
equation: one is specified (fixed) concentration; the other is zero diffusive flux
normal to the boundary. In our simulation, zero diffusive flux was implicitly
specified along land boundaries, while zero concentration was specified along the
open ocean boundary. The specification of zero diffusive flux along land boundaries
is thought to be appropriate for there is little influx of sediments coming from land
(the riverine input is represented by point sources), but the zero concentration
specification along the open ocean is rather arbitrary. However, since turbidity in
the system is generally low, it is believed that this is a reasonable approximation.
The length of all simulations was 720 (M2) tidal cycles (approximately one
year), chosen to simulate the annual sedimentation rate in the Boston Harbor and
Massachusetts Bay due to the contribution of contaminated sediments. The model
time step was precisely one-eighth of the M2 tidal cycle for the sake of
computational efficiency and accuracy in the numerical computation of erosion and
deposition.
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As for the dispersion coefficient, previous application of ELA to Boston Harbor
used a constant dispersion coefficient in the range between 45 m2/s and 75 m2 /s
based on calibration using halocarbons from the sewage effluent as tracers (Kossik et
al., 1986; Adams et al., 1988). Whereas the larger value was used in most of our
simulation as a standard value, the former value was also used in one simulation
case to test the sensitivity of results to the dispersion coefficient.
4.1.4 Settling Velocity
Settling velocity is probably the single most important yet uncertain parameter
in modeling cohesive sediment dynamics. This is due to the fact that it represents a
complicated set of physical, chemical, and biological factors which to date have been
treated largely empirically. In our simulation, the range of settling velocity varies
from 10-6 m/s to 10-4 m/s with 10- 5 m/s as the standard value. These values, in the
relatively low turbidity setting of our domain, should be adequate to cover a wide
range of possibilities.
4.1.5 Shear Stresses, Erosion-Deposition Threshold and Erosion Coefficient
The near-bottom applied shear stresses for calculating erosion and deposition
were computed using the empirical quadratic formula:
rs = pCf(U2 + V2) (4.1)
where
rs = shear stress (N/m2)
Cf = bottom friction factor
U = velocity (m/s) in x-direction
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V = velocity (m/s) in y-direction
p = seawater density
Note that the velocity fields computed by TEA are a linear combination of those
created by M2 tidal forcing and zero-frequency riverine discharge and that the
bottom friction factor was chosen as f = 0.00488 (Westerink, 1984). The shear
stress contours thus created are shown in Figure 4.5 to Figure 4.8 to provide a sense
of variation of near-bottom shear stress over one tidal cycle.
The critical erosion-deposition shear stress re = rd was selected to vary between
0.05 and 1.0 N/m2, while the value of the erosion coefficient M ranges from 0.04 to
4.0 g/m 2/s (see Chapter 2).
By observing the map of variation of contour shear stress r over a tidal cycle
and comparing with erosion-deposition threshold, we can readily delineate roughly
the erosion area and deposition area in the computation domain. Provided in
Figure 4.9 is the delineation between areas with continuous sediment accumulation
and continuous erosion, and the area where either erosion or deposition can occur
depending upon the tidal velocity.
4.2 Sensitivity Analysis
An extensive analysis has been conducted to test model sensitivity to a number
of parameters and input variables. The parameters and inputs, as discussed in the
previous section and used in simulation runs, are summarized in Table 4.4. This
table also displays some statistics of simulation results and identifies the number of
relating figures showing the model outputs. The following is an examination and
discussion of these simulation results.
- 71-
s0.O0
-. 05
tcO.05
Figure 4.5 botom shear stress (N/m2 ) at high water slack
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Figure 4.8 bottom shear stress (N/m2) at flooding tide
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Figure 4.9 Delineation of erosional and depositonal areas based on Case 1 with
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4.2.1 Base Case
Figure 4.10 to Figure 4.13 show the base case simulation with characteristic
parameters displayed in the first line of Table 4.4. Water column concentrations
are shown first in Figure 4.10 (high tide) and Figure 4.11 (low tide) and are
generally low. Maximum concentrations are less than 5 ppm near the river mouths,
decrease to 1 to 3 ppm in the inner and northen harbors, and decrease below 1 ppm
in areas distant from contributing sources (like Quincy Bay and Hingham Bay).
The suspension concentration is even lower in Massachusetts Bay.
The base-case simulation also shows (Figure 4.12 and 4.13) that almost all the
area within the computation domain are depositional rather than erosional as
expected from and rc values. The only erosional regions lie in the two major
waterways Boston Harbor to Massachusetts Bay, i.e., President Roads and
Nantasket Roads, where simulated tidal velocities reach their maximum value. The
highest accumulation rates occur in the inner harbor where sedimentation is higher
than 500 g/m 2/yr, while most of remaining the area within Boston Harbor (except
navigational channels) has accumulation rates between 100 g/m 2 /yr to 500 g/m 2/yr.
Also note from Table 4.4 that the predicted deposition within Boston Harbor
constitutes 34.1% of the total annual contaminated sediment loading, while the
deposition in the total computation domain (including Massachusetts and Cape Cod
Bay) makes up 66.3% of the total loading.
A calculation based on control volume analysis treating the whole harbor as a
uniform element can help to illuminate the base case simulation results.
1) Accumulation rate: Total annual sediment loadings roughly are 6.6 x
107kg/yr from Table 4.3 (of which 4.5 x 107kg is from treatment plants, 2.1 x 107kg
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Figure 4.10 Case 1: Simulated suspension concentration (mg/l) in Boston Harbor at
high water slack
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Figure 4.11 Case 1: Simulated suspension concentration (mg/l) in Boston Harbor at
low water slack
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Figure 4.12 Case : Simulated sedimentation pattern (g/m2/yr) in Boston Harbor
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is from shoreline sources). Since we have 34.1% deposited in Boston Harbor with
area roughly 10Sm2, therefore:
accumulation rate = 6.6l10 7kg/yr x 34% 200 g/m 2/yr
This value is more or less in agreement with Figure 4.12.
2) Turbidity level: In order to have the above accumulation rate, and assuming
settling a velocity Ws = 10-5m/s, we need to sustain the turbidity level in Boston
Harbor as:
suspension concentration = 200gm2/yr _ 0.63 mg/t
This value more or less represents the average turbidity level as shown in Figure
4.10.
3) Residence time: Based on our simulation, the tidal flushing rate is obtained
by:
Q66%6.6 = 6 1.9 108m3/day
0.63mg/ =
Assuming the average harbor depth _ 5 m, so the water volume contained in the
harbor is 5 x 108m3, the residence time therefore is obtained:
residence time = 9xlm /day = 2.6 days
4.2.2 The Influence of Settling Velocity
Cases 2-4 show simulated results of sensitivity to settling velocity. Figures 4.14
to 4.17 are for Case 2 with a settling velocity of l0-6m/s. This comparatively low
value of settling velocity tends to make it possible for most of the loading to be
transported in suspension seaward to the open ocean, and eventually disperse out of
the computation domain. As shown in the sedimentation patterns (Figure 4.14 and
4.16), no depositional area has an accumulation rate higher than 500 g/m 2/yr, and
most of the depositional area within Boston Harbor accumulates less than
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Figure 4.14 Case 2: Simulated suspension concentration (mg/I) in Boston Harbor at
high water slack
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Figure 4.15 Case 2: Simulated suspension concentration (mg/l) in Boston Harbor at
low water slack
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Case 2: Simulated sedimentation pattern (g/m2/yr) in Boston Harbor
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Figure 4.17 Case 2: Simulated sedimentation pattern (g/m2/yr) in
Massachusetts Bay
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100 g/m 2/yr. In comparison to base case, Table 4.4 indicates that only about 7.3%
of the total loading eventually settles within Boston Harbor while 16.4% settles
within the entire domain. Suspended concentration in the harbor is greater, as
expected, in order to tranport the suspended sediment out of the harbor. Within
the area near the sources, suspended solids concentrations are roughly between
3 ppm to 5 ppm. Most of the areas have concentration between 1 ppm to 3 ppm.
Compared to the base case, although the deposition is reduced by factor of 5-10, the
concentration only rises by a factor of 2 or so. This is simply because the flushing in
responsible for two-thirds of the influence over value of C in the harbor. Therefore,
if there is no settling at all, we would see C _ 1.0 mg/l (see control volume
analysis).
Figures 4.18 through 4 21 show the results of Case 3 with a high settling velocity
of 10-4 m/s. This relatively high value of settling velocity tends to cause most of
the suspended sediments to deposit permanently near where they were discharged.
Therefore, lower value of C is observed as expected. Roughly 58.1% of total loading
deposited on the bottom of Boston Harbor, whereas almost 92.0% of it settled on
the seafloor of Massachusetts Bay.
The results of Case 4, with a moderate settling velocity of 5 x 10-6 m/s, are
shown in Figures 4.22 to 4.25. As expected, results appear intermediate between
those of Case 2 (Ws = 10-6m/s) and Case 1 (Ws = 10-5m/s). We have 24.1% of
total loading settling down within Boston Harbor.
4.2.3 The Influence of Erosion-Deposition Threshold
Case 5 and Case 6 test the model variation with respect to erosion-deposition
threshold (critical shear stress re = 'd). The results of simulation for Case 5 are
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Figure 4.18 Case 3: Simulated suspension concentration (mg/l) in Boston Harbor at
high water slack
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Figure 4.19 Case 3: Simulated suspension concentration (mg/l) in Boston Harbor at
low water slack
- 90 -
_ _
_ __ _ __ __
1 fLQ-Cn
10<S<50
100cScS00
100CS<500
Figure 4.20 Case 3: Simulated sedimentation pattern (g/lm2 yr) in Boston Harbor
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Figure 4.21 Case 3: Simulated sedimentation pattern (g/m2 /yr) in
Massachusetts Bay
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Figure 4.22 Case 4: Simulated suspension concentration (mg/l) in Boston Harbor at
high water slack
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Figure 4.23 Case 4: Simulated suspension concentration (mgfl) in Boston Harbor at
low water slack
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Figure 4.24 Case 4: Simulated sedimentation pattern (g/m2/yr) in Boston Harbor
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Figure 4.25 Case 4: Simulated sedimenwuiion pattem (gfm2/yr) in
Massachusitts Bay
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shown from Figure 4.26 to 4.29 while those for Case 6 are shown from Figure 4.30 to
4.33. In contrast to the base case with an erosion-deposition threshold of 0.3 N/m 2 ,
Case 5 was run with a threshold value of 1 N/m2 while Case 6 was run with a
0.05 N/m 2 threshold. It appears that the suspended concentration contours are not
very sensitive to variation in the erosion-deposition threshold. However, the
sedimentation patterns do show a significant change dne to variation in critical
shear stress. When the threshold value is high, like in Case 5, the erosion areas are
shrunk into smaller patches in the two waterways, and 35.8% of the total loading
settles within Boston Harbor vs. 34.1% for base case. By inspection, these small
patches seem more consistent with the observed area of scour (see Figure 4.51).
When the threshold value is low, like in Case 6, the erosion areas extend almost
from Massachusetts Bay landward toward the nearshore area within Boston Harbor
and only 22.9% of the total loading eventually deposits onto the bottom of Boston
Harbor. This deposition, as clearly indicated in the sedimentation figures, are
contained mostly in the nearshore region and in the inner harbor. It is interesting
that the percentage deposited in the harbor is relatively (compared to the settling
velocity) insensitive to the erosion-deposition threshold.
4.2.4 The Influence of Erosional Coefficient
Case 7 (from Figure 4.34 to 4.37) and Case 8 (from Figure 4.38 to 4.41) test the
sensitivity to the change in the erosional coefficient M as defined in Eq. (2.4). Since
the base case uses 0.04 g/m 2/s, a value in the lower range of the applicable spectrum
(see Chapter 2), both cases chosen for sensitivity used values larger than the base
case.
Neither Case 7, with M = 0.4 g/m 2/s, nor Case 8, with erosional coefficient
4.0 g/m 2 /F, varied much compared to the base case. In Case 7, the percentage of
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Figure 4.26 Case 5: Simulated suspension concentration (mg/1) in Boston Harbor at
high water slack
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Figure 4.27 Case 5: Simulated suspension concentration (mg/1) in Boston Harbor at
low water slack
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Figure 4.28 Case 5: Simulated sedimentation pattern (g/m2/yr) in Boston Harbor
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Figure 4.29 Case 5: Simulated sedimentation pattern (g/m2/yr) in
Massachusetts Bay
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Figure 4.30 Case 6: Simulated suspension concentration (mg/1) in Boston Harbor at
high water slack
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Figure 4.31 Case 6: Simulated suspension concentration (mg/1) in Boston Harbor at
low water slack
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Figure 4.32 Case 6: Simulated sedimentation pattern (g/m2 /yr) in Boston Harbor
- 104 -
_ 
__
n-c -
10<S<50
10<S<50
S<I
Figure 4.33 Case 6: Simulated sedimentation pattern (g/m2/yr) in
Massachusetts Bay
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Figure 4.34 Case 7: Simulated suspension concentration (mg/l) in Boston Harbor at
high water slack
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Figure 4.35 Case 7: Simulated suspension concentration (g/l) in Boston Harbor at
low water slack
- 107 -
_ 
I
- L
- --
100<S<5UU
Figure 4.36 Case 7: Simulated sedimentation pattern (g/m2/yr) in Boston Harbor
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Figure 4.37 Case 7: Simulated sedimentation pattern (g/m2/yr) in
Massachusetts Bay
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Figure 4.38 Case 8: Simulated suspension concentration (mg/l) in Boston Harbor at
high water slack
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Figure 4.39 Case 8: Simulated suspension concentration (mg/l) in Boson Harbor at
low water slack
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Figure 4.40 Case 8: Simulated sedimentation pattern (g/m2/yr) in Boston Harbor
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Figure 4.41 Case 8: Simulated sedimentation pattern (gAi2/yr) in
Massachusetts Bay
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total loading depo.nted in Boston Harbor is 33.9%, while in Case 8 it is 32.8%
compared with a base case of 34.1%. The slight decrease in Boston Harbor
deposition as a percentage of total loading, is spite of the two order of magnitude
change in the erosional coefficient, is actually not beyond expectation. This is
because the erosion areas are restricted to the waterway regions and in our scheme
the erosion material is limited to the source loadings which were deposited onto the
seafloor; therefore the amount of eroded material available for resuspension from the
erosion area is in effect negligible. This indicates that the area with scour but not
total erosion is not a significant factor in our simulation, nor is the rate of erosion.
4.2.5 The Influence of Breakdown of Sources
Since a large proportion of total cohesive sediments are coming from sludge
disposal (see Table 4.3), it is worthwhile to see the model response to sediment
loading from wastewater treatment plants only. Therefore Case 9 is a simulation
done with a single source located in President Road. Equally importantly, the fate
of the shoreline sources will be o' concern, because eventually sludge will receive
land disposal. Included in Case 10 is the simulation for shoreline sources only.
Results of Case 9 are shown in Figures 4.42 through 4.45, the erosion area
largely remains the same as the base case, whereas the suspension concentration in
Boston Harbor drops to between 0.1 ppm and 1 ppm. The bottom deposition in
Boston Harbor constitutes about 24.6% of the total loading and 62.7% of the total
loading would eventually deposit on the seafloor of Massachusetts Bay.
Fitzgerald (1980) used geochemical data (metal concentration in surficial
sediments) to calculate that the deposition rate of discharged sludge in Boston
harbor was about 3.3% of sludge discharged. Compared to this, our calculation of
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Case 9: Simulated suspension concentration (mg/l) in Boston Harbor at
high water slack
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Figure 4.43 Case 9: Simulated suspension concentration (mg/l) in Boston Harbor at
low water slack
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Figure 4.44 Case 9: Simulated sedimentation pattern (g/m2/yr) in Boston Harbor
- 117 -
_ __
'I -
- -- J-
i' <S<10
.1<S<1
Figure 4.45 Case 9: Simulated sedimentatin pattern (g/m 2/yr) in
Massachusetts Bay
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24.6% is considerably higher. To accommodate the discrepancy, it is necessary to
point out that, all sources in our simulation are treated as continuous ones in
contrast with the fact that sludge is discharged only on ebbing tide. Moreover,
while our simulation might overestimate the deposition rate within Boston Harbor,
Fitzgerald's calculations might underestimate the deposition rate because of the
unknown interaction between metals and cohesive sediments.
Results of Case 10 are shown from Figure 4.46 through 4.49. The turbidity level
is comparable to that in Case 9, since loadings from both sources (treatment plants
and shoreline') are of the same order of magnitude. 50.28% of the total loading is
deposited in Boston Harbor and 74.25% is deposited in the computational domain.
4.2.6 The Influence of Dispersion Coefficient
Case 11 (Figures 4.50-4.53) tests the sensitivity to the change in dispersion
coefficient by using 45 m2/s against a base case with 75 m 2/s. The turbidity level is
compable to base case, except that the higher turbidity region is somewhat larger.
Accordingly, the deposition rate increases slightly and the region with higher
deposition expands to include Inner Harbor and Dorchester Bay because lower
diffusivity tends to reduce the dispersion effect, but the deposition pattern doesn't
vary much. The percentage of deposition inside the harbor is 40.22% and 74.25% in
the entire domain.
4.3 Historical Turbiditv, Sedimentation, and Contamination Data
Fine-grained cohesive sediments, especially those with rich organic contents, are
known to play a dual role as sink and source for contaminants in aquatic
environment. They can attract and retain pollutants through their cohesive binding
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Figure 4.46 Case 10: Simulated suspension concentration (mg/l) in Boston Harbor at
high water slack
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Figure 4.47 Case 10: Simulated suspension concentration (mg/l) in Boston Harbor at
low water slack
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Figure 4.48 Case 10: Simulated sedimentation pattern (g/m2/yr) in Boston Harbor
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Figure 4.49 Case 10: Simulated sedimentation pattern (g/m2/yr) in
Massachusetts Bay
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Figure 4.50 Case 11: Simulated suspension concentration (mg/l) in Boston Harbor at
high water slack
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Figure 4.51 Case 11: Simulated suspension concentration (mg/l) in Boston Harbor at
low water slack
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Figure 4.52 Case 11: Simulated sedimentation pattean (g/m2/yr) in Boston Harbor
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Figure 4.53 Case 11: Simulated sedimentation pattemrn (g/m2/yr) in
Massachusetts Bay
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forces, on the other hand, they can also release pollutants by remobilization. Past
data on Boston Harbor sediment characteristics suggest that high metals
concentrations found in the outer harbor are intimately associated with fine-grained
sediments and organic matter, relatively few data on the organic toxics, DDT, and
PCB provide further such proof (CE Magure, Inc., 1984). Moreover, the regional
distribution of metals in surficial sediments coincides with regional mud percentage
and organic matter contents (Fitzgerald, 1980). Therefore, in evaluating the field
data against the simulation results, it is necessary to treat both as inseparable. This
section, by looking into available data on turbidity, sedimentation, and
contamination, coupled with results of sensitivity studies, will try to assess the
pollution condition in Boston Harbor and test the suitability )f the use of model in
sediment dynamic simulation.
4.3.1 Suspended Solids Concentration Data
The results of 1982 and 1983 Massachusetts Department of Water Pollution
Control (DWPC) sampling on turbidity level in Boston Harbor are reproduced in
Figures 4.54 and 4.55 (CE Maguire, Inc., 1984). Generally speaking, the suspended
solids concentration in Boston Harbor ranged widely with maximum values of about
40 mg/l. More recent data which contain more detailed information come from New
England Aquarium's ten-year Boston Harbor Monitoring Program. It its first
report (Robinson et al., 1989), which covers the period from March 1987 to July
1989, suspended solid concentration in the harbor generally falls between 1 mg/l to
10 mg/l. Data collected by UMass/Boston show data in the general range of 1 to
5 mg/l (G. Wallace, personal communication). These values, higher than that
shown in any simulated case, suggest the following:
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Figure 4.54 Turbidity level in Boston Harbor from DWPC 1982 sampling data
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Figure 4.55 Turbidity level in Boston Harbor from DWPC 1983 sampling data.
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1) Contribution from other unaccounted sources are important in sustaining the
relatively high turbidity level in Boston Harbor. We shall discuss this further in the
following sections.
2) Local effects such as wind-disturbed and dredging-related resuspension are
also responsible in increasing turbidity level in Boston Harbor.
4.3.2 Sedimentation Data
The past boring test showed that in the harbor the top layer of bottom bed
consists of holocene marine silt and clay and the lower layer of glaciomarine silt and
clay of late Pleistocene age. Overall, the types of surficial sediments found in
Boston Harbor range from muds and fine-grained sands to coarse-grained sands and
gravel (Fitzgerald, 1980). Fine-grained sediments (silt and clay) and trace metals
within the harbor are found to be accumulated at several depocenters which include
Inner Harbor, Northeastern Dorchester Bay, Quincy Bay, the area surrounded by
Thompson, Spectacle, and Moon Islands, and Deer Island flats (see Figure 4.56,
adopted from Fitzgerald, 1980). Notice that all these findings on depocenters turn
out to be generally consistent with our simulation results regardless of the amount
of sedimentation, except at the shoreline erosional areas where wave action is
significant. Also it is noted that the observed erosional areas on waterways are
smaller than that in base case but larger than that in Case 5, suggesting that rc is
between 0.3 and 1%.
In Fitzerald's work, he also adopted radiometric methods (2l0Pb) to measure
modern rates of sedimentation (over the past 150 years; from nine sites in the
harbor (see Figure 4.57). Table 4.5 is the comparison of simulated accumulation
rate with the measured accumulation rate. The calculation of simulated
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Figure 4.56 Harbor-wide mud content of bottom sediment (Fitzgerald, 1980)
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Figure 4.57 Sites selected for 210 pb dating (Fitrzgerald, 1980)
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Measured accumulation
rate (cm/yr)
0.27
0.5
0.24
0.32
0.23
0.13
0.4
Simulated accumulation
rate (cm/yr)
0.1
0.09
0.02
0.07
0.03
0.04
0.04
0.17
*: not supplied by Fitzgerald
Comparison of measured accumulation rate and simulated
accumulation rate calculated by using base case and assuning
60% water content in sedimentation
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Core no.
2
3
4
5
8
9
10
11
Table 4.5
accumulation rate was done by choosing the base case and assuming 60%
(Fitzgerald, 1980) of water content in sedimentation. By inspection, our simulated
accumulation rate is in general lower by a factor of 5-10. This difference may not
be surprising if we consider the following factors:
1) As Fitzgerald pointed out in his thesis, the measured value of accumulation
rate by using 2l0Pb are probablytupper limits because of the mixing of top layer
sediments with lower layer sediments caused by bioturbation and thus making the
apparent 210pm sedimentation too fast.
2) The sources we chose in simulation are all land derived while sediments of
marine origin were neglected as we mentioned in previous section. Thus the
measured accumulation actually accounted for the total possible sources, whereas
our simulation only represented the amount of the contaminated fine-grained
sediments sources.
3) Some discrepancies may be attributable to local effects such as the past
presence of Moon Island sewerage discharge, heavy dredging activities in Inner
Harbor and navigational channels, and the closing of Shirley Gut in the north of
Deer Island.
4) Decomposition and redistribution of organic portions of sediments can
contribute to the discrepancy.
5) Maybe more importantly, the higher measured accumulation rate in the field
may with good chance come from shoreline erosion. As shown in Figure 4.58 is the
result of field survey by USGS (1990) indicating the major erosion and deposition
areas within Boston Harbor. The erosion areas on shipping channels are in
favorable agreement with our simulation results, while large portion of nearshore
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Figure 4.58 Map of erosion and deposition area in Boston Harbor
(USGS, 1990)
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region tends to be erosion areas in the field rather than deposition areas as that
shown in simulation. This conflicting fact, however, is not beyond our expectation,
since wave action in nearshore regions is not taken into account in our simulation.
Also noted is the sediment reworking area where enormous biochemical reaction and
heavy dredging activities are expected to dramatically change the natural state of
sedimentation.
Notwithstanding all these discrepancies, it appears that the simulation results
compare favorably with the field data considering all the uncertainties involved.
Note also that the relative values in Table 4.5 at different sites appear to agree well.
By examining contamination data as we proceed next, we will gain more insight
into these matters.
From the historical data on turbidity level and sedimentation, the settling
velocity of sediment can be inferred as follows. The harbor suspension
concentrations are in the range 0 10 mg/l (New England Aquarium, 1989), and the
sedimentation rates are between 1 and 3 mm/yr (from Table 4.5). We choose
5 mg/l for suspended solids concentration, 103kg/m 3 for density of sediment, and
2 mm/yr for sedimentation. The corresponding settling velocity is thus obtained:
Ws (2mm/yr)( 103kg/m 3) N 10-5 m/s
5mg/i
This value justifies the range of settling velocities we used in simulations. Note
also that based on W = 10-5m/s, the time scale for sediment to settle in Boston
Harbor is
5m
T 10 5 m/s 5 days
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This value is comparable to the flushing time ( 3 days) we calculated before,
suggesting that both flushing and settling are important factors in determining the
fate of cohesive sediments.
4.3.3 Contamination Data
The analysis of water samples and sediment samples taken from Boston Harbor
generally shows high concentration of heavy metals and organic contaminants such
as petroleum hydrocarbons, particularly in the inner harbor and northern area of the
outer harbor.
According to a study by Wallace et al. (1984), concentration of Cd, Cu, Ni, Pb,
and Zn in Boston Harbor surface water samples were generally one to four orders of
magnitude larger than acceptable values in surface water of open ocean and one to
two order of magnitude greater than concentrations in Massachusetts Bay. The
distribution pattern of these heavy metals, clearly reflecting th% impact of
anthropogenic input from treatment plants and various nearshore sources, is also
found to correspond positively to that of concentration in sediment samples from
earlier studies (White, 1972; Fitzgerald, 1980). For example, Figure 4.59 shows the
distribution of lead concentration in surficial sediments (Wallace, 1987). A similar
study for Polycyclic Aromatic Hydrocarbons (PAHs) in surficial sediments of
Boston Harbor was conducted by Shiario and Jambard-Sweet (1986). They found
that three areas were severally impacted by PAHs, among them are inner harbor,
Governor Island flats next to Logan Airport, and near Moon Island. The
distribution pattern of PAHs is also quite in agreement with that of other
contaminants. Additionally, Figure 4.60 shows the distribution of sewage-derived
Clostridium on bottom sediments from a recent survey (MWRA, 1990).
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Figure 4.59 Lead distribution in Boston Harbor sediments (drawedby Wallace using data from fitzgerald and White, 1987)
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Figure 4.60
I
Distribution of the sewage-derived spores of clostridium perfringens
in surfical sediments (MWRA, 1990)
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Judging by all these available contamination data, the overall picture of the
pollutant distribution in the surficial sediments of Boston Harbor, regardless of its
minor discrepancy in distribution for different kind of pollutants, seems to have
remarkable similarity with our simulated sedimentation pattern shown in the
previous chapter. The highest concentration always occurs in inner harbor, in
particular Fort Point Channel where 40% of CSO discharges, second highest occurs
in the area of northern harbor and Moon Island. Some regional difference for
pollutants might be attributed to the influence of local sources, like the Moon Island
emergency bypass, unknown loading strength, and poorly understood trapping
efficiency of sediments to various pollutants. However, what this assures again is
that the transport of the sediment-bound pollutants did bear considerable
resemblance with the transport of the fine-grained sediment. Understanding of one
can often leads to understanding of the other.
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Chapter 5 RESULTS AND RECOMMENDATIONS
A two-dimensional depth-averaged sediment transport model has been modified
to simulate numerically the sediment dynamic processes of advection, diffusion,
erosion, and deposition while reflecting the influence of other relevan. mechanisms
such as flocculation and consolidation on the sediment dynamics in the choice of a
wide range of input parameters. Neglecting the possible contribution of sediment
transport resulting from wave actions and fluid mud movement, this model was
tested in a series of sensitivity studies with tidal constituent and steady riverine
inflow as the only forcings in the setting of Boston Harbor. No rigorous calibration
and verification effort has been made due to the scarcity of suitable data. However,
qualitative comparison between simulation results and field data did show an
illuminating agreement.
Thus, the transport model has been demonstrated qualitatively to function
reasonably well in simulating contaminated sediment dynamics. By comparing our
simulation results with the field data, our simulation also illustrates the relative
significance and contribution of tidal currents, as the major forcing in our model, on
the sedimentation pattern of Boston Harbor. Most important of all, our results so
far illumine the advantages and perspectives we've gained from the modeling work.
Qualitatively, we would be able to know what causes the sediment to move and
where they would stay eventually. As for the insufficiency of this model in
incorporating wave actions and the quantification of marine sediment, further
research efforts in particular field studies are needed in pursuit of quantitative
understanding of cohesive sediment dynamics.
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5.1 Summary and Discussion
By breaking down distinguishable transport mechanisms of fine-grained
sediment, the movement of cohesive sediments can be represented by such processes
as advection, dispersion, flocculation, deposition, erosion, consolidation, fluid mud
formation, and a number of biochemical activities. In solving related engineering
problems, each process has to be assessed and evaluated quantitatively by its
relative importance on a in-situ basis. In the setting of Boston Harbor, since the
turbidity level is generally low, flocculation might not be such an important factor
in determining the settling characteristic of cohesive sediments, and therefore-its
simulation is excluded. The onsolidation process is an important mechanism in
characterizing the bed structure and the bed strength, nonetheless, it is not the
main focus in this study to examine the bottom bed structure in Boston Harbor and
it can be excluded from model simulation. Occurrence of fluid mud is possible but
not previously reported in Boston Harbor or Massachusetts Bay and thus is not
included as well. As for various biochemical factors, they might play a part in
sediment movement but either are not significant enough or their influence can be
reflected upon the choice of higher bed strength value as discussed in Chapter 2.
Based on these assessment, we incorporated new features of erosion-deposition
simulation into the existing transport model ELA, which essentially can be
formulated as a first-order ordinary differential equation and can be easily solved
numerically by a number of available schemes. Model behavior was then tested in a
series of sensitivity studies. The following important information can be extracted
from the simulation results:
1) The simulated suspension concentration in Boston Harbor with values
between 0.1 ppm to 3 ppm is believed to be generally lower than that in the real
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field with values between 20 ppm to 40 ppm. There are possibly two reasons for
this. First, the open ocean sediment inflow is also responsible for contributing the
turbidity in the harbor but not taken into account in the simulation, second, the
erosion caused by strong wave activities is also a possible source of turbidity.
2) The sedimentation pattern within Boston Harbor is very sensitive to the
erosion-deposition threshold, while the accumulation rate within Boston Harbor is
very sensitive to settling velocity. This virtually tells us the importance of
determination of bed critical stress and settling velocity of aggregated sediments in
quantitative study of sediment movement. By comparing our simulated erosional
areas with the field erosional areas, it appears that the actual value of 7r is in the
range from 0.3 to 1 N/m2. Based on past data of turbidity and sedimentation, a
settling velocity Ws = 10-5m/s appears to be a reasonable value.
3) By considering tidal forcing only, most of the area within Boston Harbor is
depositional rather than erosional. The only erosion areas are on President Roads
and Nantasket Roads. The highest accumulation rate occurs in inner harbor,
followed by Deer Island flat and Moon Island flat. This sedimentation pattern
corresponds closely with most of the distribution of contaminants, thus illustrating
the intimate relationship between cohesive sediment and pollutants.
4) The simulated accumulated rate within the harbor appears to be far less than
that inferred from bottom samples (see Table 4.5), thus making the theory that
most of the modern sedimentation comes from open ocean more plausible. However,
part of the sedimentation made up of material from nearshore erosion area can not
be neglected as well.
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5.2 Area for Further Research
Further research areas for cohesive sediment transport are identified herein:
1) In order to differentiate between the sources that possibly contribute to the
sedimentation of Boston Harbor, field studies, and numerical modeling are
indispensable. Especially, more field study is needed to quantify the open ocean
source by measuring the sediment flux coming in and going out of the harbor and to
investigate the bearing of biochemical activities and the possible existence of fluid
mud on sediment transport.
2) With regard to contaminant transport, the relationship between cohesive
sediment and various pollutants is still not fully understood. More laboratory work
on trapping efficiency of fine-grained sediments to pollutants and remobilization
process of pollutant from bottom sediments under various circumstance are needed.
3) The importance of incorporation of other hydrodynamic forcings onto the
circulation model and the transport model is evidenced by the discrepancy between
the model results and field data. Most of the models available consider only one of
the two major forcing, tides or waves. Therefore, the task of modeling of combined
effect of both forcings in situations like Boston Harbor where tidal forcings and
wave action are both significant will be necessary for quantitative studies of
sediment transport.
4) More accurate understanding on the flow field and interaction between flow
and sediments is extremely important. The flow field not only carries the
sediments, it also creates bottom shear stresses that erode the bottom bed. To sum
up, the net effect of sediment transport is actually caused by the asymmetric
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movement of flow field and various delayed responses of sediments. Theoretical and
experimental works on flow field simulation are both needed.
5) With a view to understand the environmental consequence of removing
sludge from ocean disposal to land treatment, the model should be modified to be
able to simulate the intermittent source loading such as the sludge discharge only on
ebbing tide.
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